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This research is primarily focused on gaining a better understanding of the 
deposition and corrosion behavior of cerium-based conversion coatings (CeCCs) on 
AZ31B and AZ91D Mg alloys. Deposition of homogenous and protective CeCCs was 
highly dependent on the surface preparation steps. The best results were obtained when 
Mg samples underwent grinding, acid cleaning, and alkaline cleaning processes. This 
reduced the number of active cathodic sites and promoted the formation of a protective 
Al-rich Mg oxide/hydroxide layer. Electrochemical properties of the CeCCs were also 
strongly correlated with morphological, microstructural, and chemical characteristics. 
Protective CeCCs were deposited on both AZ31 and AZ91 Mg alloys using a range of 
deposition times (5 to 180 s) and temperatures (10 to 80 °C). However, shorter deposition 
times (5 s) and lower deposition temperatures (~10 °C) showed higher impedance and 
longer bath stability than other deposition conditions. The increase in impedance was 
related with fewer cracks and smaller nodule sizes. Additional investigations of post-
treated CeCCs exposed to NaCl environments showed an increased in the total 
impedance. The increase in corrosion protection of the CeCCs was associated with an 
overall increase in coating thickness from 400 to 800 nm. A microstructural evolution 
from ~3 nm nodular nanocrystals of CeO2/CePO4•H2O embedded in an amorphous 
matrix to >50 nm CePO4•H2O nanocrystals was responsible for the electrochemically 
active corrosion protection. Exposure of CeCCs to sunlight in humid environments 
promoted the reduction of Ce(IV) into Ce(III) species compared to unexposed coatings. 
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1.1. RESEARCH OBJECTIVE 
Weight reduction is one of the main challenges that motivate the use of 
lightweight magnesium alloy components in the automotive industry but preventing 
corrosion of Mg is a challenge. Currently, the industry uses phosphate conversion 
coatings (PCCs) to provide corrosion protection on cold rolled steel, galvanized steel, and 
aluminum alloys for automotive body and chassis applications. However, this acidic 
phosphate bath does not form a protective coating on magnesium alloys. On the contrary, 
Mg
2+
 ions dissolved from the Mg alloys contaminate the phosphating tank, decreasing the 
quality of the coatings formed on the mixed metal surfaces. In the present research a 
surface treatment has been developed to deposit cerium-based conversion coatings 
(CeCCs) on AZ31 and AZ91 Mg alloys. A systematic study has been carried out to 
investigate the effect of surface preparation, coating thickness, bath deposition 
temperature, galvanic couples, and ambient exposure on the corrosion behavior of CeCCs 
on AZ31 and AZ91 Mg alloys. The purpose of this research has also been to correlate the 
coating microstructural, morphological, and chemical characteristics with the processing 
parameters and corrosion performance. Fundamental knowledge of the coating process, 
characteristic structure, and electrochemical performance forms the basis for developing 





1.2. IMPACT OF WORK 
This project is addressing the challenges related to corrosion of Mg alloys 
reported in the USAMP document “Magnesium Vision 2020: A North American 
Automotive Strategic Vision for Magnesium”. This document can be accessed from the 
following link: http://www.uscar.org/commands/files_download.php?files_id=240 
In particular, this research is being conducted to develop an environmental 
friendly conversion coating process that can be applied on individual and galvanically 
coupled magnesium alloys for vehicle applications. Understanding the relationships 
between the microstructure and chemistry of the cerium-based conversion coatings 
(CeCCs) applied on magnesium alloys systems, the parameters of the coating process, 
and the corrosion performance contribute to the knowledge needed for implementations 
of CeCCs. An increase in the corrosion resistance of Mg alloy systems has been 
demonstrated using CeCCs. 
 
1.3. SUMMARY RESULTS 
Previous research on cerium-based conversion coatings at the Missouri University 
of Science and Technology to provide corrosion protection on a variety of aluminum 
alloys has been used as a technology base for this dissertation.  
Summarized below are the results from this work that have been published related 
to CeCCs on Mg alloys. 
Paper I. In the first part, a comparative study on the corrosion performance of 
cerium-based conversion coatings deposited on AZ91D and AZ31B magnesium alloys 
was carried out. Coupons of 5 cm by 10 cm of AZ31B and AZ91D Mg alloys were 
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sectioned from as-received conditions. Samples were then mechanically polished using 
180 grit silicon carbide paper followed by isopropyl alcohol cleaning. To activate the 
surface, panels were immersed for 30 seconds in an acid solution (0.5 wt.% HBF4) and 
then 30 seconds in an alkaline solution (5 wt.% NaOH). The coatings were prepared by 
immersion for 2 min in a solution containing 4 wt.%  CeCl3∙7H2O, 6.7 wt.% H2O2 (30 
vol%), and 0.25 wt.% of organic gelatin in DI water. Coated samples were post-treated 
by immersion in a 2.5 wt.% NaH2 PO4 solution for 5 min at 85 °C immediately after 
deposition. It was demonstrated that polishing the as-received substrates dramatically 
increased the corrosion performance of both alloys. The morphologies of as-deposited 
coatings on both magnesium alloys showed uniform cracked surfaces with nodules of 
about 250 nm. Cross-sectional analysis of both alloys revealed a structure consisting of 
two layers, a cerium-based conversion layer ~400 nm thick and a Mg/Al oxide interface 
layer of ~50 nm thick. Electrochemical analysis was performed with two electrolyte 
solutions containing 1.6 wt.% NaCl and 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4. When 
using a 1.6 wt.% NaCl electrolyte non-reproducible electrochemical results were found. 
In contrast, the results using a 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4 electrolyte were 
consistent with the performance observed in salt spray testing. Although CeCCs on 
AZ91D alloy showed better salt spray performance compared to the CeCCs-AZ31B alloy 
system, electrochemical results illustrated that the AZ31B and AZ91D alloys with CeCCs 
had approximately twice the corrosion resistance of polished samples. This work was 
published in ECS transactions, Vol.41 (15), 2012, pp.3-12.  
Paper II. For the second part of the research, cerium-based conversion coatings 
were deposited onto AZ31B magnesium alloy at different immersion times to evaluate 
4 
 
the effect of coating thickness on the corrosion properties. Prior to deposition, substrates 
were mechanically polished using 180 grit abrasive SiC papers, then were cleaned with 
isopropyl, rinsed with deionized water, and finally dried in air at room temperature. In 
this work a new alternative for surface preparation was proposed. In particular, the 
surface of the cleaned samples was pretreated in 1 wt.% nitric acid aqueous solution for 
30 seconds followed by an alkaline cleaning in 5 wt.% of Na2SiO3∙5H2O aqueous 
solution for 5 minutes at room temperature. The CeCC aqueous deposition solution was 
the same composition as was used in the first part of this research. The AZ31B 
magnesium alloy substrates were immersed in the CeCC solution for 5 s, 60 s, 120 s, and 
180 s in order to produce different layer thicknesses. Finally, coated samples were 
postreated for 5 min at 85 °C in a 2.5 wt.% NaH2PO4 aqueous solution. The effect of 
immersion time on the morphology of the CeCCs was investigated by transmission 
electron microscopy (TEM) of cross-sectioned samples. The as-deposited coating system 
consisted of a three layer structure: (1) a nanocrystalline MgO transition layer in contact 
with the Mg substrate, (2) a nanocrystalline CeCC layer, and (3) an outer amorphous 
CeCC layer. Electrochemical impedance spectroscopy, potentiodynamic polarization and 
neutral salt spray testing studies indicated that at all thicknesses, the cerium-based 
conversion coatings improved the corrosion resistance of AZ31B magnesium. The 
corrosion resistance was best for ~100 nm thick CeCCs. This work was published in: 
S.N. Mathaudhu, W.H. Sillekens, N.R. Neelameggham, N. Hort (Eds.), Magnesium 
Technology 2012, John Wiley & Sons Inc., Hoboken, NJ, 2012, pp. 247–251. 
Paper III. The third phase of the project investigated kinetic aspects of the film 
growth process by varying the temperature of the CeCC solution. This study investigated 
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the microstructure and composition of CeCCs on AZ31 and AZ91 magnesium alloys 
immersion deposited at temperatures in the range of 10 to 80°C. Substrates were prepared 
by using the same procedure previously described. Electrochemical and neutral salt spray 
testing studies showed higher corrosion resistance for the cerium conversion coated 
panels at l0°C compared to the panels coated at room temperature. It was found that the 
CeCC solution was more stable at lower temperatures and the most uniform coatings 
were produced using a 10°C coating solution. It was also observed that decreasing the 
deposition temperature leads to smaller grains and fewer coating cracks. In addition, the 
number of panels that can be coated using the same deposition solution was higher (> 
2X) for the 10°C solution compared to the room temperature solution. This work was 
published in: W.J. Poole, K.U. Kainer (Eds.) 9th International Conference on Magnesium 
Alloys and their Applications, Vancouver, BC, 2012, pp. 341-347. 
Paper IV. During the fourth part of the research, the corrosion behavior of the 
CeCCs on AZ31B and AZ91D Mg alloys was evaluated under ambient conditions. 
Exposure of the CeCCs-Mg alloy systems to ambient sunlight, temperature, and humidity 
for 24 hours affected the morphology, surface chemistry, and optical properties of the 
coatings but did not have an effect on their corrosion performance. The UV-vis light 
under ambient conditions promoted the reduction of Ce (IV) into Ce (III) species that 
were responsible for the color and morphological changes. However, the specific 
influence of the environmental conditions and the mechanisms were not yet understood. 
This work was published in: N. Hort, S.N. Mathaudhu, N.R. Neelameggham, M. 
Alderman (Eds.), Magnesium Technology 2013, John Wiley & Sons Inc., Hoboken NJ, 
2012, pp. 169–172. 
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Paper V. The fifth part of this dissertation, a systematic study demonstrated that 
nanostructured cerium-based coatings exposed to sunlight in humid environments (> 65 
relative humidity) had an ~30% increase in Ce(III) species compared to unexposed 
coatings. This increase was intimately related with the color changes reported in paper 
IV. It was also showed that sunlight exposure in dry environments (<50% relative 
humidity) did not have an effect in the reduction of cerium species during 18 to 24 hours 
of exposure. UV-vis investigations revealed that CeCCs have an approximate bandgap of 
2.5eV. The UV-vis light with wavelengths < 490 nm in the presence of water were able 
to reduce Ce (IV) into Ce (III) species at room temperature. These findings are important 
because materials that can undergo oxidation-reduction reactions under controlled 
conditions at room temperature may have potential applications in catalysis and energy 
harvesting. This work was published in Scripta Materialia Vol. 69, 2013, pp. 489–492. 
Paper VI. In the sixth stage of this research, the evolution of microstructure and 
chemistry was studied for AZ31 Mg alloy substrates after grinding, acid cleaning, 
alkaline cleaning, cerium-based conversion coating (CeCC) deposition, and phosphate 
post-treatment. Detailed characterization of the system provided new insights into the 
effect of each of the surface preparation steps and the impact of the selected order. The 
morphology and microstructure of the cerium compounds before and after post-treatment 
provides a basis for understanding the response and evolution of these coatings after 
exposure to corrosive and ambient environments. The electrochemical results of as-
deposited and post-treated CeCCs indicated an increase of ~4X in the corrosion 
resistance compared to ground uncoated AZ31 Mg alloys in a 0.05 M NaCl electrolyte. 
However, the impedance spectra of the CeCCs at low frequencies showed that post-
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treated coatings not only have higher impedance but may also act as a barrier for active 
corrosion species. This work was accepted for publication in Surface and Coatings 
Technology in March 2014. 
Appendix A. This aspect of the project evaluated Mg-Al-galvanized steel (tri-
metallic) panels riveted together to simulate body-in-white (BIW) vehicle assemblies. 
Cerium-based conversion coatings and polymeric electrocoat (e-coat) processes capable 
of being sequentially deposited on the tri-metallic assemblies were developed. The two 
surface pretreatments previously described were used to produce the CeCCs on the tri-
metallic samples. In general, the two layer CeCC/e-coat system significantly enhanced 
the corrosion performance of the Mg, Al, and galvanized steel panels compared to 
uncoated or e-coated only panels. Adhesion of the e-coat to the cerium coated assemblies 
indicated that the coating system reached the standard requirements for automobile 
applications. This work was published in: W.J. Poole, K.U. Kainer (Eds.) 9th 
International Conference on Magnesium Alloys and their Applications, Vancouver, BC, 
2012, pp. 287-295. 
Appendix B. This part of the project contains unpublished research data that is 
relevant to propose a mechanism of corrosion protection of CeCCs on AZ Mg alloys. 
Electrochemical measurements were correlated with microstructural evolution of the 
CeCCs after being exposed to NaCl environments. These results suggested that corrosion 






2. LITERATURE REVIEW 
2.1. OVERVIEW 
Driven by the automotive and aerospace industries, the production of lightweight 
magnesium alloy components have increased since the 1990s [1-3]. Properties such as 
low density, high strength and stiffness to weight ratio, and good castability make 
magnesium alloys attractive for lightweight structural applications [1-3]. However, the 
poor corrosion performance of magnesium alloys has to be improved before widespread 
application will occur [1-4]. Therefore, the general properties, with special emphasis on 
corrosion, of magnesium and its alloys are reviewed. Various coating technologies used 
to protect magnesium alloys, such as anodized coatings, physical and vapor deposited 
coatings, metallic plating, chemical conversion coatings and organic coatings, are 
described. In light of the work done to date, special interest is placed on cerium-based 
conversion coatings as a potential surface treatment for the AZXX series of magnesium 
alloys.  
 
2.2. PROPERTIES OF MAGNESIUM AND ITS ALLOYS  
Magnesium is the fourth most common element on the earth and is one of the 
lightest of all metals used in engineering applications [1]. Comparing the densities of Mg 
(1.74 g/cm
3
), Al (2.70 g/cm
3
) and Fe (7.84 g/cm
3
), magnesium is ~34% lighter than 
aluminum and ~77% lighter than iron [1,2]. Although magnesium was discovered and 
isolated as a chemical element in 1808 by Sir Humphrey Davy, the production and use of 
magnesium has been quite limited because of its poor corrosion resistance [1]. However, 
since the 1990s there has been new interest in using magnesium based alloys in 
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transportation, sports, and other applications [2,3]. Alloying magnesium with aluminum, 
zinc, manganese and other elements improves mechanical properties such as strength, 
creep resistance, and yield strength, among others. Particularly, the specific strength of 
Mg-Al alloys is ~ 14% and ~68% higher than Al and steel alloys, respectively [2]. 
Moreover, the specific stiffness and the price/volume of Mg alloys are similar to Al and 
steel alloys [1-4].  
Global challenges, such as climate change and energy security, are encouraging 
the automotive industry to manufacture lighter and more environmentally friendly cars. 
Recent technological developments in the automotive industry have focused on weight 
reduction, energy savings and limiting environmental impact [2]. For these reasons, the 
use of magnesium alloys for weight reduction is one of the most direct options to 
decrease fuel consumption and carbon dioxide emissions.  
Theoretically, magnesium can form solid solutions with 25 elements due to 
similar atomic size. However, the electronic configuration and chemical affinity of those 
atoms restricts the actual elements to aluminum, calcium, lithium, manganese, rare earths, 
silicon, silver, thorium, yttrium, zinc and zirconium. Furthermore, solubility limits, costs, 
and potential applications of the resulting alloys restrict the magnesium alloy systems to 
five, classified by the major alloying element: manganese, aluminum, zinc, zirconium 
and rare earths [1-4]. Moreover, these five systems can be grouped in two subgroups. The 
first includes alloys containing 2 to 10 wt.% Al with minor additions of zinc and 
manganese (AZXX alloys). These alloys are the most common magnesium alloys 
characterized for having stable properties up to ~100 °C [1-3]. The second subgroup is 
used for high temperature applications (>100 °C), where rare earths, zinc, thorium, silver 
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and zirconium alloys are necessary to maintain satisfactory mechanical and corrosion 
properties at elevated temperatures [1].  
This work is focused on AZXX magnesium alloys. The nominal compositions for 
some of these alloys are shown in Table 2.1.  
 
 
Table 2.1. Nominal composition for selected alloys and condition process [1-3]. 
Alloy 
Nominal Composition, wt.% 
Condition 
Al Zn Mn Mg 
AZ31 3.0 1.0 0.3 Balance Wrought 
AZ61 6.5 1.0 0.3 Balance Wrought 
AZ81 8.0 0.5 0.3 Balance Casting 




Figure 2.1 shows the binary magnesium-rich section of Mg-Al phase diagram. 
The Mg–Al alloys are characterized by a solid solution with a maximum solubility of 
12.7 wt.% Al. The phase denoted as α has a hexagonal close packed structure. The phase 
diagram also shows an intermetallic compound Mg17Al12 (at 42.5 wt.% Al) designated 
the β-phase. The Mg-Al system is also characterized by an eutectic reaction at 436 °C (33 
wt.% Al) . From the phase diagram, AZ31 and AZ91 Mg alloys are expected to be single 








Figure 2.2 shows the typical microstructures of AZ31 and AZ91 Mg alloys 
studied in this dissertation. In Figure 2.2 a) inclusions and the α-phase in the AZ31 Mg 
alloy are identified. Although the 3 wt.% Al should form a solid solution with the 
magnesium, Al-Mn particles are usually identified. Manganese is added to control iron 
impurities in AZXX alloys but in excess may form manganese based compounds like 
Al6Mn or Al2Mn as reported by other researchers [3,14,19]. Energy dispersive 
spectroscopy (EDS) showed that particles in this AZ31B alloy correspond to Al6Mn. In 
Figure 2.2 b) besides the Al-Mn particles, α-Mg, and β-phase are observed. The 
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precipitation of the β-Mg17Al12 phase is due to non-equilibrium cooling conditions during 




a)      b) 
Figure 2.2 Typical microstructures of a) AZ31B and b) AZ91D Mg alloys. 
 
 
Ambient conditions in winter caused by the spreading of salt on the roads or 
emissions of pollutants such as sulfur dioxide (SO2) promote local and generalized 
corrosion of magnesium and its alloys, limiting their use in the automotive industry [1,2]. 
Additionally, magnesium alloys are extremely vulnerable to galvanic corrosion because 
Mg is one of the most active elements within the electrochemical series and the galvanic 
series for seawater. Galvanic corrosion can be internal or external; the internal corrosion 
is caused by second phases or impurities, principally of Fe, Cu and Ni. External corrosion 
occurs when magnesium is coupled with another metal [1-5]. 
Numerous authors have studied the corrosion mechanisms of different AZXX 
alloys in saline environments and summarized the corresponding relationships between 
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corrosion and alloy microstructure [3,4]. In the following section, the main corrosion 
mechanisms in Mg alloys are described. 
 
2.3. CORROSION MECHANISMS 
Thermodynamically, corrosion is an irreversible oxidation-reduction reaction, 
where an oxidizing agent in an environment attacks the metal. The direction of 
electrochemical corrosion reaction is dictated by the Gibbs energy change [6-8]. 
Nevertheless, kinetic parameters will play a major role in understanding the corrosion 
process. 
The corrosion behavior of magnesium and its alloys is directly affected by 
composition, impurities, second phases, galvanic couples, temperature, surface 
conditions, microstructure, stress, and the surrounding environment [1-7]. Several efforts 
have been made in reducing impurities in the Mg alloys and adding alloying elements 
which have dramatically improved the corrosion resistance. In general, increasing Al 
content in AZXX alloys leads to better corrosion resistance but decreases ductility due to 
the formation of the brittle Mg17Al12 intermetallic β-phase [9-16].  
However, magnesium alloys behave poorly in two critical situations [1,3,4,10]. 
First, in aqueous environments with chlorine ions, magnesium alloys are attacked 
aggressively causing unacceptable corrosion rates for vehicle applications. The other 
problem is that due to the activity of Mg within the electrochemical series, magnesium 
alloys will serve as sacrificial anodes in almost every galvanic couple [1,3,4,9-11].  
The reactions involved in pure magnesium dissolution in aqueous environments 
provide the basis for understanding the corrosion of magnesium alloys, as the corrosion 
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behavior of magnesium alloys is similar to pure magnesium [3,4]. In aqueous 
environments, the main chemical reactions driving the corrosion process of magnesium 
are: 
 
Anode Reaction for an acidic solution 
                (1) 
               
     (2) 
Anode Reaction for an alkaline solution 
                     (3) 
Anode Reaction for an alkaline solution 
                  
    (4) 
Cathode Reaction for an alkaline solution 
       
           
    (5) 
Cathode Reaction for an acidic solution, hydrogen evolution and oxygen 
                  (6) 
     
              (7) 
 
FactSage 6.1 was used to build the potential-pH diagram of Mg-H2O (Figure 2.3). 
The diagram was constructed at 298.15 °K for dilute solutions (10
-6
 M) of magnesium. 
From Figure 2.3, magnesium (Mg
2+
/Mg) has a standard electrode potential of -2.54 V for 
bare magnesium metal in contact with an aqueous solution containing 10
-6
 mol/l 
magnesium divalent ions. However, several authors [1,3,5,6] have reported that the 
standard corrosion potential for magnesium alloys is about -1.6V in aqueous solutions. 
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The most popular explanation for this discrepancy is attributed to the formation of a 
surface film of Mg(OH)2 or MgO [3] which changes the electrochemical conditions of 
the surface. Other authors assert that the difference between the theoretical and the actual 
standard corrosion potential is due to the formation of magnesium hydride, MgH2 [5]. 
Figure 2.3 also shows that Mg(OH)2 is thermodynamically more stable than MgO 
in the presence of water at pH values greater than 11.5. Below pH 11.5 Mg(OH)2 
dissolves to form Mg
2+
. In other words, for basic solutions passivation is possible as a 
result of the formation of a Mg(OH)2 layer on the metal surface. Nevertheless, the films 
formed on the magnesium surface are slightly soluble in water and do not provide long-




Figure 2.3 Pourbaix Eh-pH diagram for the Mg-H2O system, m = 1x10
-6
, 298.15 °K, 
calculated using FactSage 6.1. 
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The formation of microstructures due to the presence of the alloying elements 
such as aluminum leads to the stabilization of the alloy and is reported to increase 
corrosion resistance [3,6,16]. However, there is also an opposite opinion that aluminum 
content is detrimental to the Mg matrix [4]. 
One of the most popular Mg alloys is AZ91D. Aluminum is ~9 wt.% and the 
microstructure  has a primary α-Mg matrix and a secondary β phase as shown in Figure 
2.2 b). A scheme of the AZ91D microstructure is shown in Figure 2.4. The β-phase, 
Mg17Al12, plays a dominant role in determining the corrosion resistant properties [1,3,6]. 
The Mg17Al12 precipitate was found to be unreactive in chloride solution in comparison 
with the surrounding magnesium matrix, acting as a corrosion barrier. In contrast, other 
researchers claim that the absence of the Mg17Al12 phase could improve the corrosion 
resistance of aluminum rich magnesium-based alloys by eliminating the microgalvanic 
effects because the Mg17Al12 is cathodic with respect to the matrix [4,16].  
When the surface of the magnesium alloy is in contact with an aqueous solution, 
it reacts rapidly resulting in the formation of a mixed coating of MgO and Mg(OH)2 
species. In addition, MgO and Mg(OH)2 are not stable over a wide range of conditions 
[1,3,4]. In neutral and acidic environments magnesium dissolution is accompanied by 
hydrogen evolution. Due to this electrochemical condition, Mg undergoes pitting 
corrosion when exposed to chloride ions. The selective attack is principally due to 
galvanic corrosion between the matrix and the cathodic phases. In addition, 









When magnesium is coupled with other metals the corrosion problem is highly 
complex because it is more susceptible to corrode than most structural metals [1-4]. 
Galvanic attack of magnesium usually occurs if there is an electrolyte in contact with the 
couple [3,4]. To prevent galvanic corrosion of magnesium alloys, careful selection of 
materials for coupling, an appropriate design of the coupling system, and an insulation of 
materials in electrochemical contact are the most common alternatives. Normally, a 
coating on magnesium is not recommended because any small defect can increase 
localized galvanic corrosion attack. However, it has been reported that coatings can 
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reduce the galvanic attack on magnesium alloys [3,4,9,10]. The following section 
contains a general review of the coatings technology for Mg alloys. 
 
2.4. COATINGS TECHNOLOGY 
2.4.1. Cleaning Process.  Before a surface can be coated a cleaning process  
should be done. Without cleaning and proper activation the magnesium surface will not 
be coated properly and will not have good corrosion performance. Magnesium alloys are 
typically cleaned by mechanical and chemical methods [20]. As shown in Figure 2.5, 
each step of the mechanical and chemical cleaning process has an impact on the surface 
morphology and composition. In general, mechanical cleaning by rough polishing must 
be completed in order to successfully remove impurities coming from processing or other 
sources of contaminations [11-14,21-28]. If mechanical polishing is not performed, 
chemical cleaning will be time consuming and often ineffective.  
For chemical cleaning of AZXX Mg series, three steps are usually needed. A 
solvent cleaning is used to remove all the oils, polishing compounds, solid particles, or 
other kind of waxes present on the surface. An alkaline cleaning is used to remove the 
remaining contaminants and to dissolve second phases of aluminum exposed on the 
surface. Aluminum will be dissolved in alkaline solutions (pH > 9) while the magnesium 
matrix will not usually be attacked by pH 9 to 12 solutions. Finally, an acid treatment is 
required for removal of contaminants bound to the surface and also to remove any oxide 











2.4.2. Types of Coatings.  Surface coating can be defined as any material  
(metallic, ceramic, polymer or composite) that is applied as a thin continuous layer to a 
surface to provide aesthetic and/or functional properties. One of the main challenges for 
producing corrosion resistant coatings on magnesium alloys results from their high 
reactivity. The electrochemical activity of magnesium alloys has resulted in more use as 
anode materials for cathodic protection of other metals than as structural materials for 
industrial applications [3,10]. There are a variety of technologies to apply surface 
coatings on magnesium alloys, each of which has advantages and disadvantages. In the 
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following sections the most important features of different coatings technologies will be 
reviewed, followed by a general discussion about the applications. 
2.4.2.1 Anodized coatings. Anodizing is a technique for producing stable and 
thick oxide coatings on metals and alloys by applying an electrical current in a 
specifically formulated anodizing solution [9,18,27,28]. The coatings thicknesses in this 
process are usually greater than tens of micrometers because the coatings act as physical 
barriers to corrosion. The coatings have porous structures and have to be sealed to 
provide corrosion protection. In addition to the increase in corrosion properties, anodized 
films enhance paint adhesion and wear resistance. Anodizing treatments on different 
magnesium alloys have shown good results in terms of corrosion resistance [9]. Available 
industrial processes such as HAE, Tagnite, Magoxide, Dow 17, Anomag, and Keronite 
have been used to protect magnesium alloys. However, traditional anodizing processes 
such as Dow 17 are being strongly restricted due to the use of chromate ions in the 
solution. Chromate-free solutions like Anomag, Magoxide or Keronite have shown a 
promising option because they are environmentally friendly and are alkaline-based 
processes that avoid magnesium dissolution. However, anodizing films have several 
disadvantages for magnesium substrates. First, this process results in adhesion problems 
and porosity on the coatings. Second, the heat generated during the deposition process 
sometimes affects the properties of the magnesium alloys. Moreover, the thick and brittle 
ceramic coatings produced may not have good mechanical properties, limiting the 
applications of the Mg alloys components. Finally, anodizing treatments require a higher 
capital investment and complex processes compared to other coating methods [9,18,28]. 
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2.4.2.2 Physical and vapor deposited coatings. When environmentally 
friendly techniques are required to protect materials, physical vapor deposition (PVD) 
and chemical vapor deposition (CVD) are often used. These processes are carried out in 
the gas phase instead of the liquid phase.  
Vapor deposition processes involve the creation of atomistic gas phase species 
and their subsequent condensation onto a substrate to form the film. However, the high 
capital costs associated with these techniques limit their use to high value added 
applications. Vapor deposition processes on magnesium alloys have several challenges, 
in particular the requirement of low temperature techniques (<180 °C). The need for low 
temperature processing of magnesium alloys requires some assisted processes such as ion 
beam assisted deposition (IBAD) and reactive ion beam assisted deposition (RIBAD). 
These variants are among the most promising candidates because they allow the 
deposition of hard and dense protective coatings even at room temperature [9,18]. 
Coatings of Mo, TiCN, ZrCN and SiO2 on magnesium alloys have been obtained by 
CVD with good adhesion and corrosion properties [9]. In the case of PVD processes, 
coatings of TiN, Cr, CrN, W, WC, WN were successfully deposited with good erosion 
and wear properties [9,18]. However, the corrosion properties were not significantly 
improved and in some cases showed a detrimental effect. Non-stoichiometric titanium 
oxides, Al2O3 and binary alloys of Mg-Zr, Mg-Ti and Mg-Mn deposited by physical 
vapor methods on magnesium alloys have shown reduction in the corrosion rates 
compared to the bare samples [9].   
Another alternative for corrosion protection are diamond-like carbon (DLC) films 
that can be deposited by PVD and CVD techniques. Diamond-like carbon films are 
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promising candidates for corrosion resistant coatings on magnesium alloys, particularly 
when they are deposited defect-free. Studies revealed a decrease in the corrosion current 
density and a large positive shift of the corrosion potential [1,9,18,27].       
2.4.2.3 Metallic plating. Magnesium alloys can also be electroplated by many 
commercial systems. However, this process is difficult due to the high reactivity of the 
magnesium alloys. The very rapid oxidization of magnesium alloys forms a passive layer 
that causes problems in the metal plating. An individual treatment should be developed 
for magnesium alloys to introduce a surface layer that prevents oxidation and can be 
removed during the plating process. Plated metals such as Zn, Ni, Cu, Cr, and Au have 
demonstrated good corrosion resistance on magnesium alloys [9,20]. However, an 
additional problem of electroplating on magnesium alloys is the galvanic corrosion 
experienced when they are in contact to other metals that usually have a more noble 
electrochemical potential. Consequently, all the metals mentioned above should be 
deposited as pore-free coatings. Otherwise the corrosion rate will increase instead of 
decrease [1,3,9,18].  
2.4.2.4 Chemical conversion coatings. Chemical conversion coatings (CCs) 
are produced by an electrochemical reaction of a solution with a metal surface to produce 
a superficial layer that not only provides a barrier between the substrate and its 
environment but also provides a suitable substrate for subsequent paint coatings. The 
reaction is driven by a change in metal ion concentration and pH at the metal-solution 
interface promoting the precipitation of protective species onto the surface of the 
substrate [9,11]. Chemical conversion treatments are sometimes the only protection of a 
metal, especially for indoor applications, but they are often a surface pretreatment for a 
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subsequent polymer coating. For magnesium, CCs are probably the most common and 
highly diversified surface treatment [18]. Typically CCs are hundreds of nanometers 
thick and usually have defects; protection of the underlying substrate is by 
electrochemical means. 
The most protective CCs for magnesium alloys are the chromate-based 
conversion coatings (CCCs). The CCCs contain hexavalent chromium, Cr(VI), which 
provides active corrosion protection. In other words, even if the surface is damaged by a 
scratch, the self-healing properties of CCCs protect the substrate. However, hexavalent 
chrome is a highly toxic and carcinogenic substance [9,18,19,30].  
Phosphate-based conversion coatings (PCCs) are one of the most common 
alternatives for CCCs. The PCCs provide some corrosion resistance and are more 
environmentally friendly than CCCs [9,11]. Numerous commercial phosphate products 
using simple phosphate formulations were developed mainly for high purity die-cast 
alloys such as AZ91D, AM50A and AM60B [9,18]. However, the corrosion performance 
is inferior compared to the CCC treatments, especially when the coatings are used as the 
only protection for the magnesium alloys [18]. Another important issue is that the metal 
phosphates are insoluble in neutral pH solutions and require very acidic solutions to form 
precipitates [11]. An acidic phosphate solution causes dissolution of magnesium ions 
from the alloys, impeding the formation of a protective coating on magnesium alloys 
[24]. Another reason why phosphate coatings do not protect Mg alloys is because the 
MgHPO4∙3H2O species formed by the precipitation on the surface of the alloy are stable 
over a narrow range of pH conditions [11]. Based on these results, several authors have 
added other species to the phosphate baths to obtain more stable films. The most common 
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elements added to these coatings are Zn, Ca, Mn, Co and Ni. These additions have solved 
the issue related to the stable phases but they may generate other problems such as 
thicker coatings (>1 μm) with deep cracks and non-attractive dark colors [11].    
Fluoride-based conversion coatings (FCCs) are highly corrosion-resistant 
alternatives for magnesium alloys. The main reason is that magnesium forms stable 
fluoride-based species over a wide range of conditions. When magnesium alloys are 
immersed in fluoride solutions a protective, dense and uniform layer of MgF2 is formed, 
providing excellent protection to the magnesium alloy. However, large volumes of toxic 
HF are required for the process [3,10,32]. Recently fluorozirconate and fluorotitanate 
coatings have been developed. These coatings are promising alternatives for magnesium 
alloys because the mechanism of protection mimics the chromate redox model [9,11]. 
However, some concerns related to the hydrofluoric acid concentrations have limited 
widespread use. Alternatives to FCCs have been patented using very small volumes of 
HF, but the processes are sensitive to contamination and make application difficult [32]. 
Rare earths conversion coatings, principally cerium-based conversion coatings 
(CeCCs), have been shown to improve the corrosion resistance of magnesium alloys 
[12,13,32-34]. The CeCCs are commonly considered environmentally friendly corrosion 
inhibitors for aluminum alloys. Nevertheless, the effectiveness of the CeCCs on the 
corrosion protection has been highly dependent on surface pretreatment, deposition 
parameters, and post-treatment [29-36]. Recent results demonstrated a surface 
pretreatment for deposition of CeCCs on AZ91D magnesium alloy that consisted of acid 
then alkaline cleaning [34]. The corrosion performance of CeCCs can also be improved 
using a subsequent weak acidic phosphate bath treatment after CeCC deposition. This 
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additional bath treatment results in the formation of insoluble CePO4 species that can 
provide long term protection [36]. Although several authors have reported an increase in 
the corrosion resistance of certain magnesium alloys by using CeCCs there is not a 
reliable common method of assessment. To date, no systematic studies have been 
reported that optimize the corrosion resistance of the CeCCs in terms of process 
parameters such as thickness, microstructure, composition, and bath temperatures, among 
others. 
2.4.2.5 Organic coatings. Organic coatings, such as paints, are usually the 
final step of the coating process. The adhesion of these polymer coatings to the substrate 
is one of the main performance metrics. Normally a multiple step process is required in 
order to prepare the magnesium alloy surface for an organic finishing paint. The most 
common pretreatment processes are anodizing and chemical conversion coatings [9]. 
Surface sealing with an epoxy resin has been also developed as a first step in the finish of 
cast magnesium alloys for the aerospace and military applications [18]. The sealing 
process increases the corrosion performance of systems that are required to withstand 
aggressive environments. The polymer coatings are generally cheaper and easier to apply 
than those described in the previous sections. Commercial polymer coatings for corrosion 
protection can use several different organic materials, including acrylics, alkyds, 
polyethers, epoxies, nitrocellulose and polyurethanes. The coatings are usually about 50 
to 100 μm thick and consist of layers, which are classified as primers, intermediates and 
top coatings. For magnesium alloys, powder coatings and E-coating (cathodic epoxy 
electrocoating) processes have shown satisfactory corrosion resistance in salt spray 
testing. Using an epoxy-based powder coating containing a polyester resin with carboxyl 
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groups as a curing agent was revealed as the most effective alternative [9]. The E-coat 
process has also shown very good results in corrosion resistance but due to the thin 
coatings commonly obtained by this technique, an additional thicker top coating should 
be applied on the system [1,3,9-11,18].    
 
2.5. METHODOLOGY 
The different coatings and surface treatments used in industry to protect 
magnesium alloys are, in general, unable to provide adequate protection for vehicle and 
transportation applications. Problems associated with porous coatings, galvanic corrosion 
cells and difficult processing conditions have resulted in limited use of Mg alloys. Figure 
2.6 summarizes the protective coatings reviewed in the previous section.  
In order to provide corrosion prevention, a multilayer coating system appears to 
be the best approach. Currently, the automotive industry uses phosphate conversion 
coatings followed by e-coatings to provide corrosion protection on cold rolled steel, 
galvanized steel, and aluminum alloys. However, this acidic phosphate bath does not 
form a protective coating on magnesium alloys, contaminates the bath with Mg
2+
 ions, 
and decreases the quality of the phosphate coatings formed on the mixed metal surfaces. 
In this work, cerium-based conversion coatings are proposed investigated for corrosion 
protection of AZ31B and AZ91D Mg alloys. Relationships and understanding of 
processing parameters on the formation, microstructure, and electrochemical properties 






Figure 2.6. Flowchart of existing coating technologies for magnesium alloys. Bottom left 
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ABSTRACT     
In the present work a comparative study has been carried out on the surface 
morphology, electrochemical properties and corrosion performance of cerium-based 
conversion coatings (CeCCs) on AZ91D and AZ31B magnesium alloys. The as-
deposited coatings consisted of a two layer structure: a continuous Mg/Al oxide transition 
layer of ~ 50 nm thick and a CeCC layer of ~ 400 nm thick. Potentiodynamic polarization 
and impedance spectroscopy results using a 0.6 wt.% NaCl and 0.6 wt.% (NH4)2SO4 
electrolyte showed that cerium-based conversion coatings enhanced the corrosion 
resistance of AZ91D and AZ31B magnesium alloys compared to polished uncoated 





Recent technological developments in the automotive industry have focused on 
weight reduction, energy savings and limiting environmental impact. For that reason the 
use of magnesium alloys for weight reduction is one of the most direct options to 
decrease fuel consumption and carbon dioxide emissions. However, the use of 
magnesium and its alloys in the automotive industry is limited primarily due to poor 
corrosion properties (1-3). In the current practice, the automotive industry is using 
phosphate conversion coatings and electrocoats to provide corrosion protection and 
prepare the surfaces for further decorative finishes. Cold rolled steel, galvanized steel, 
and aluminum alloys can be pretreated as a mixed-metal body assembly (body-in-white, 
BIW) in the same phosphating tank. However, this acidic phosphate bath does not form a 
protective coating on magnesium alloys and Mg ions produced by the dissolution of 
magnesium alloys in the existing phosphating bath decreases the quality of the phosphate 
coatings formed on the mixed metal surfaces (4).  
Several reviews have summarized the state of the art of the corrosion mechanisms 
of magnesium and magnesium alloys, including a large number of protective surface 
modification technologies (3, 5-9). For the AZ series of Mg alloys it is widely recognized 
that increasing Al content into the alloy generally leads to better corrosion resistance (8, 
10-14).  It has been also demonstrated that corrosion of Mg alloys can be minimized by 
reducing surface contaminations and applying protective coatings (5, 6, 9). Moreover, 
corrosion studies have shown that cerium-based conversion coatings, an environmental 
friendly alternative, can increase the corrosion resistance of a variety of magnesium 
alloys (5, 10, 15-16).  
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In this work, a comparative study has been carried out on the corrosion resistance 
of CeCCs on AZ31B and AZ91D magnesium alloys. These magnesium alloys were 
selected as substrates because they contain low (3%) and high (9%) aluminum and they 
behave differently in corrosion performance.  
 
EXPERIMENTAL PROCEDURE 
AZ91D and AZ31B magnesium alloys were sectioned into coupons of dimensions 
100 x 50 x 4 mm and 100 x 50 x 2 mm, respectively, from a commercially die-cast 
AZ91D alloy and a rolled AZ31B sheet. In order to remove surface contaminations all 
samples were mechanically polished using 180 grit silicon carbide abrasive papers. The 
samples were then cleaned with isopropyl alcohol, rinsed with deionized water, and 
finally dried in air at room temperature.  
Prior to conversion coating deposition, samples were pretreated by immersion in 
0.5 wt.% tetrafluoroboric acid (HBF4) for 30 seconds at room temperature followed by an 
immersion in 5 wt.% sodium hydroxide (NaOH) solution for 30 seconds at room 
temperature. Samples were rinsed in deionized water after each cleaning process. Once 
surface pretreatment was finished, samples were immersed for 2 min in a cerium chloride 
aqueous solution prepared with CeCl3∙7H2O (99.9 %, Alfa Aesar) 4 wt.%, H2O2 6.7 wt.% 
(Fisher Chemical, 30 vol%), and 0.25 wt.% of organic gelatin (RDH, Rousselot) in DI 
water. Coated samples were post-treated by immersion in a 2.5 wt.% NaH2 PO4 solution 
for 5 min at 85 °C immediately after deposition (17). 
Potentiodynamic polarization and impedance spectroscopy were performed using 
a potentiostat model 273A (Princeton Applied Research) and Schlumberger model B1255 
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frequency response analyzer. A corrosion flat cell model K0235 (Princeton Applied 
Research) with a platinum mesh counter electrode and a saturated calomel electrode 
(SCE) reference electrode was used for electrochemical measurements. The working 
electrode exposed area was 1 cm
2
 and two electrolyte solutions were used for 
electrochemical analysis, a mixture of 0.6 wt.% NaCl and 0.6 wt.% (NH4)2SO4 in DI 
water and 1.6 wt.% NaCl in DI water. Before electrochemical measurements, open circuit 
potential (OCP) was monitored for 1000 seconds. For cyclic potentiodynamic scans, the 
measurements were conducted from -0.3 to 0.8 V and then scanned back to -0.25 V with 
respect to OCP with a scan rate of 1 mV/s. The impedance data were collected over a 
frequency range of 0.01 to 1x10
5
 Hz with 10 mV AC with five points per decade. 
Corrware, CView and ZView programs were used to control, analyze and fit collected 
data. The corrosion performance of the coated panels was also evaluated by ASTM B117 
neutral salt spray testing.  
The surface morphology of the coatings and the local compositions were analyzed 
using the Helios NanoLab 600. Additionally, it is equipped with a focused ion beam 
(FIB) milling system that was used to perform cross-sectional characterization on the 
CeCC-Mg alloy panels.  
 
RESULTS 
Optical images of as-received and mechanically polished AZ31B and AZ91D Mg 
alloy panels before and after salt spray testing for 24 hours are shown in Figure 1. The 
improvement on the corrosion performance of the polished panels for both alloys 
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compared to the specimens in the as-received conditions can be explained by the 
reduction of the surface impurity levels after polishing process.  
Figure 2 shows the optical images of AZ31B and AZ91D Mg alloys with CeCCs 
taken at various times of salt spray exposure. These images illustrate that corrosion 
resistance of coated panels was as good as or better than polished bare samples. The 
CeCCs on AZ91D alloy was showed better salt spray performance compared to CeCCs-
AZ31B alloy (Figure 2). The cerium conversion coated AZ31B Mg alloy had numerous 
pits and significant salting after 216 hours salt spray testing compared with minor salt 
tailing for the coated AZ91D alloy. Nevertheless, the good salt spray performance of 
AZ91B alloy compared to AZ31B alloy with and without coating is not surprising 
because it has been reported that the increasing of Al content in Mg alloys generally leads 
to a better corrosion resistance, especially for greater than 5 wt.% Al in the Mg matrix 
(14). 
A comparison of the surface morphologies of AZ31B and AZ91D Mg alloys after 
CeCC is presented in Figure 3. The morphologies on both magnesium alloys exhibited 
uniform cracked layers with small nodular agglomerates evenly distributed across the 
surface (Figures 3a and 3c). The nodule size was ~250 nm for the CeCCs deposited on 
both Mg alloys. Additionally, Figures 3 b) and 3 d) show the cross-sectional images of 
coated AZ31B and AZ91D Mg alloys. The cross-sectional analysis revealed a structure 
consisting of two layers, a cerium-based conversion layer ~400 nm thick and a Mg/Al 
oxide interface layer of ~50 nm thick for both alloys. Microchemical analysis across the 
thickness of the CeCCs was carried out by energy dispersive spectroscopy (EDS). The 
EDS results revealed that Ce, P and O are the principal components of the CeCCs and 
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Mg, Al, and O are the major elements on the transition layer. The cross-sectional 
microstructure showed through-thickness cracks indicating that the substrate was directly 
exposed to the corrosive environment during salt spray.  
Electrolyte concentrations between 0.1 and 5 wt.% NaCl solutions have been 
widely reported for electrochemical measurements of magnesium alloys (3,6-11,15). The 
electrochemical analysis for this study was performed with two electrolyte solutions 
containing 1.6 wt.% NaCl and 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4. However, non-
reproducible electrochemical results were acquired for the 1.6 wt.% NaCl electrolyte and 
it was determined to be too aggressive to directly compare AZ31B and AZ91D 
magnesium alloys. The electrolyte selection in electrochemical testing is a very important 
parameter, especially when the corrosion results are being compared with another 
corrosion test, such as salt spray test ASTM B117. For that reason, although the 
discussion of the corrosion data will be compared with the results of both electrolytes, the 
detailed description of the curves will be focused on 0.6 wt.% NaCl + 0.6 wt.% 
(NH4)2SO4.   
The electrochemical results tested in 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4 
solution showed that the corrosion potential (Ecorr) of cerium coated AZ31B and AZ91D 
alloys are essentially the same potentials as obtained for bare samples. However, the 
corrosion current densities (icorr) of coated samples revealed a slight shift towards lower 
values on both AZ31B and AZ91D Mg alloys, indicating an improvement in the 
corrosion performance with the CeCCs. Similar results were observed from salt spray 
testing. The pitting potential is not visible for CeCC on AZ31B alloy and as a result it is 
expected that once the free corrosion potential is reached the specimen will undergo 
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pitting attack. In contrast, an appreciable anodic passivation region (~170 mV) noted for 
cerium coated AZ91D alloy (Figure 4). The analysis of the reverse scans in Figures 4 a) 
and 4 b) of AZ31B and AZ91D  with and without cerium coating overlaps, indicating that 
even if CeCCs on Mg alloys increases the corrosion resistance, the probability of pitting 
corrosion is identical compared to bare samples (13). From Figures 4 c) and 4 d), the 
reverse scans obtained by using 1.6 wt.% NaCl electrolyte for Mg coated alloys showed a 
negative hysteresis, suggesting that there is a high probability of localized corrosion. The 
mean values of the corrosion parameters calculated from cyclic potentiodynamic 
polarization curves are presented in Table I. 
Figure 5 compares the corrosion rate ratio tabulated in Table I. For each 
electrolyte, the corrosion rate was normalized with respect to the AZ91D coated sample 
because AZ91D coated magnesium alloy had the lowest corrosion rate in both 
electrolytes. Results confirmed that CeCCs on AZ31B and AZ91D Mg alloys increased 
the corrosion resistance in both electrolytes. Although the corrosion rate estimated for 
coated magnesium alloys was higher than the one obtained for bare samples, the 
comparison between AZ31B and AZ91D bare samples do not correlate well with 1.6 
wt.% NaCl electrolyte. The bare AZ91D Mg alloy panel in 1.6 wt.% NaCl solution 
showed higher corrosion rate than AZ31B bare alloy, which was not observed during salt 
spray testing.  
The corrosion behavior of the systems was also investigated by impedance 
spectroscopy. The impedance spectra of AZ31B and AZ91D alloy with and without 
CeCCs in two different electrolytes are shown in Figure 6. In general, a two time constant 
system can be modeled by an electrical equivalent circuit that represents a coated alloy 
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with a defect, as shown Figure 7. However, a simple Randal’s model with an inductive 
loop is necessary for bare samples at 1.6 wt.% NaCl due to the aggressive electrolyte.  
Two capacitive loops were recorded on the Nyquist plots for both coated and bare 
alloys, indicating similar corrosion mechanism in 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4. 
The same equivalent circuit has been utilized to fit the electrochemical data in as-
received conditions and cerium-based coated panels. This model is suitable for both cases 
because all cases represent a layered structure; for bare samples the system is composed 
of substrate/Mg-Al oxides/Mg(OH)2 and the structure for coated samples is composed of 
substrate/Mg-Al oxides/Mg(OH)2/CeCC, as shown in Figure 7.  
In Figure 7, Rs is the solution resistance, Rp is the coating defect resistance, Rct is 
the charge transfer resistance. The symbols Qox and Qdl are constant phase elements used 
to represent the non-ideal coating capacitance and the double layer capacitance, where nox 
and ndl are equal to 1 for an ideal capacitor and less than 1 for non-uniform surfaces. 
Using the circuit model represented in Figure 7 the corrosion parameters were calculated 
and summarized in Table II for the impedance results in 0.6 wt.% NaCl + 0.6 wt.% 
(NH4)2SO4  electrolyte solution.  
In the present study, it was found that the electrochemical behavior of cerium-
based conversion coatings on AZ31B and AZ91D magnesium alloys with respect to bare 
samples can be compared by using a 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4 electrolyte 
solution. Potentiodynamic polarization and impedance spectroscopy results using a 
0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4 electrolyte showed that the AZ31B and AZ91D 




1. Cerium conversion coatings were deposited within 2 minutes on AZ31B and AZ91D 
magnesium alloys using a CeCl3 water-based solution bath.  
2. The as-deposited coatings consisted of a two layer structure: a Mg/Al oxide transition 
layer ~50 nm thick and a CeCC layer ~ 400nm thick.  
3. Cerium-based conversion coating enhanced the corrosion resistance of Mg alloys 
~2X compared to polished samples. 
4. The electrochem results using 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO4 electrolyte are 
consistent with the performance observed in salt spray testing. 
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TABLE I. Corrosion parameters derived from the potentiodynamic polarization 









Corr. Rate Ratio 

















Bare AZ31B -1720 -1490 576 301 13.0 1.5 9.8 5.9 
Coated AZ31B -1700 -1520 302 12 6.8 0.4 5.1 1.4 
Bare AZ91D -1600 -1450 150 68 3.3 6.5 2.5 25 

























TABLE II. Parameters obtained from modeling of EIS data for bare and coated AZ31B 
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Figure 1. Optical images of as-received and polished AZ31B and AZ91D Mg alloys 




Figure 2. Optical images of salt spray testing at different time intervals of cerium 










a)      b) 
 
c)      d) 
Figure 3. Surface morphology and cross sectional SEM image of as-deposited CeCC on: 





a)      b) 
 
c)      d) 
Figure 4. Cyclic potentiodynamic polarization behavior of AZ31B and AZ91D Mg alloys 
with and without cerium conversion coatings using two different electrolytes; a), b) 0.6 

























a)      b) 
 
c)      d) 
Figure 6. Impedance spectra of AZ31B and AZ91D Mg alloys with and without cerium 
conversion coatings using two different electrolytes; (a-b) 0.6 wt.% NaCl + 0.6 wt.% 






Figure 7. FIB cross-sections of bare and cerium conversion coated Mg alloy and 































II. EFFECT OF THICKNESS ON THE MORPHOLOGY AND CORROSION 
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ABSTRACT 
Cerium-based conversion coatings (CeCCs) were deposited onto AZ31B 
magnesium alloy substrates using a spontaneous reaction of CeCl3, H2O2 and gelatin in a 
water-based solution. The coating thickness was adjusted by controlling the immersion 
time in the deposition solution. Prior to deposition, the AZ31B substrates were treated 
using an acid pickling in nitric acid and then an alkaline cleaning in sodium metasilicate 
pentahydrate. After deposition, the coated samples were immersed in a phosphate bath 
that converted cerium oxide/hydroxide into cerium phosphate. Electrochemical 
impedance spectroscopy, potentiodynamic polarization  and neutral salt spray testing 
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studies indicated that ~100 nm thick CeCC had better corrosion performance than ~400 
nm coatings. Characterization of the CeCCs by transmission electron microscopy (TEM) 
revealed a three layer structure with different compositions. 
 
INTRODUCTION 
Recently there has been increased interest in using magnesium-based alloys in a 
number of applications. The main motivation for this interest is that magnesium alloys 
offer a high potential for use as a lightweight structural material for automotive and 
aerospace components [1-4]. Comparing the densities of Mg (1.74 g/cm3), Al (2.70 
g/cm3) and Fe (7.84 g/cm3), magnesium is 35% lighter than aluminum and 77% lighter 
than iron [1]. However, the use of magnesium and its alloys in the automotive industry is 
limited due to poor corrosion performance [1,2]. Magnesium AZ91 alloy is one of the 
most commonly used alloys in the automotive industry due to its relatively low cost, 
good yield strength, and acceptable corrosion resistance. However, the amount of Al (~ 
9wt %) in AZ91 reduces ductility due to the formation of brittle second phases [5,6]. In 
contrast, Mg AZ31 alloy is one of the most promising alloys for automobile applications 
because it offers a good combination of strength and ductility [6]. Nevertheless, the 
corrosion resistance of AZ31 alloy is still a great concern. Corrosion resistance of 
magnesium alloys can be increased by the use of conversion coatings that not only 
provide a barrier between the substrate and its environment but also supply a suitable 
substrate for paint coatings. Rare earths conversion coatings, principally CeCCs, have 
demonstrated improvements on the corrosion resistance for magnesium alloys [7-10]. 
CeCCs are commonly considered to be environmentally friendly corrosion inhibitors on 
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aluminum alloys. Nevertheless, the effectiveness of the CeCCs on the corrosion 
protection has been highly dependent on surface pretreatment, deposition parameters and 
post-treatment [2, 7-10]. Current progress at the Missouri University of Science and 
Technology has developed an adequate surface pretreatment for deposition of CeCCs on 
AZ91D magnesium alloy consisting of acid then alkaline cleaning that can be applied to 
other magnesium alloys [8]. In this study, an optimization was carried out to correlate 
thickness, microstructure, and deposition time of cerium conversion coatings with the 
corrosion performance of Mg AZ31B alloy. 
 
EXPERIMENTAL PROCEDURE 
Cerium conversion coatings were deposited onto Mg AZ31B alloy coupons of 
dimensions 100 mm x 50 mm x 2 mm. Prior to deposition, AZ31B alloy panels were 
mechanically polished using 180 grit abrasive SiC papers, then cleaned with isopropyl, 
rinsed with deionized water, and finally dried in air at room temperature. The surface of 
the cleaned samples was pretreated in 1 wt.% nitric acid aqueous solution for 30 seconds 
followed by an alkaline cleaning in 5 wt.% of Na2SiO3∙5H2O aqueous solution for 5 
minutes at room temperature. The CeCC aqueous solution consisted of 4 wt.% of 
CeCl3∙7H2O (99.9 %, Alfa Aesar), 6.7 wt.% of hydrogen peroxide (Fisher Chemical, 30 
vol%), and 0.25 wt.% of organic gelatin (RDH, Rousselot)  in DI water. Mg AZ31B alloy 
coupons were immersed in the CeCC solution for 5 s, 60 s, 120 s, and 180 s to produce 
various layer thicknesses. Finally, coated samples were postreated for 5 min at 85 °C in a 
2.5 wt.% NaH2PO4 aqueous solution to convert the coating into CePO4 [11]. 
Electrochemical measurements were carried out in 1.6 wt.% NaCl solution using a flat 
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cell of 1 cm
2
 of exposed area (model K0235, Princeton Applied Research) with a 
saturated calomel electrode (SCE) and platinum mesh served as a reference and counter 
electrodes, respectively. Open circuit potential (OCP) was monitored for 1000 seconds 
before impedance and potentiodynamic polarization measurements. The cyclic 
potentiodynamic scans were conducted from -0.3 to +0.8 V and scanned back to -0.25 V 
with a scan rate of 1 mV/s with respect to OCP using an EG&G potentiostat model 273A 
(Princeton Applied Research). Corrware software was used to control the analytical 
equipment and CView and ZView were used for data fitting analysis. The corrosion 
performance of the coated panels was also evaluated by ASTM B117 neutral salt fog 
testing. Electrochemical impedance spectroscopy (EIS) was performed using a 
Schlumberger model SI1255 frequency response analyzer in combination with the above-
mentioned potentiostat. Data were collected over a frequency range of 0.01 to 1x10
5
 Hz 
with 10 mV AC with five points per decade. The TEM samples were prepared using the 
Helios NanoLab 600. The dual beam system is equipped with a focused ion beam (FIB) 
milling system that was used in conjunction with a micromanipulator to mount ~100 nm 
thick TEM specimens onto Cu grids for subsequent TEM characterization.  
 
RESULTS AND DISCUSSION 
A cross-sectional TEM image of a representative microstructure of an as-
deposited CeCC on a AZ31B alloy substrate is shown in Figure 1. A three layer coating 
structure was identified. Initially, a transition layer shows a porous structure and the 
cerium conversion coating can be divided in two sublayers 1 and 2. From Figure 2 the 
structure of sublayer 1 revealed a nanocrystalline region of the CeCC and the thickness is 
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approximately constant over the entire sample, whereas the structure of sublayer 2 is 
practically amorphous and the thickness varies.  
Chemical analysis by energy dispersive spectroscopy (EDS) revealed that the 
porous transition layer is composed of Mg, Al, O and C. In addition, EDS on the different 
sublayers of the CeCC revealed that the conversion coating consisted predominately of 
Ce, P, and O but the concentration of P throughout the entire thickness of sublayer 2 was 
higher than in sublayer 1. Based on TEM analysis, the variation of the average thickness 
of the transition layer, the CeCC coating (sublayer 1 + 2) and the total thickness 
(transition layer + CeCC coating) with different immersion times are presented in Figure 
3. From the analysis, the thickness increased with immersion time except for the 180 s 
deposition.  
Selective area diffraction patterns from different regions of a representative 
coated panel are shown in Figure 4.  
Figures 4 a) and b) show the selected area diffraction patterns (SAD) of the 
cerium conversion coating. A nanocrystalline structure is suggested since the SAD 
pattern contained continuous rings. However, a few diffused halos on the pattern showed 
in Figure 4 b) are consisted with a structure that is largely amorphous. From Figure 4 a) 
the rings of the SAD pattern correspond to CeO2 (PDF 00-034-0394). 
The electron diffraction pattern collected from the interfacial region would indicated a 
nanocrystalline structure, and the pattern can be indexed to MgO (PDF 00-045-0946), 
Figure 4 c. 
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Figure 4 d) shows the rings and spots of the electron diffraction micrograph, 
which is identified as hexagonal Mg (PDF 00-035-0821). Summary of measurements 
performed on the diffraction patterns is presented in Table I.  
Optical images of the CeCCs obtained at different immersion times after 5 days of 
salt spray testing are compared to as coated samples in Figure 5. Corroded panels 
revealed that 5s of immersion in cerium solutions had better corrosion resistance 
compared to longer immersion times. The panel coated during 180 s in immersion had 
numerous pits and salt tails after testing. Although all samples had visible corrosion 
product after 5 days in salt fog test, the 5s immersion sample exhibited only filiform 
corrosion while the 60 s, 120 s, and 180 s immersion samples had filiform and pitting 
corrosion. 
Cyclic potentiodynamic curves of bare and coated AZ31B samples at different 
immersion times are presented in Figure 6. The corrosion parameters calculated from 
cyclic potentiodynamic polarization curves are presented in Table II.  
The corrosion potential (Ecorr) of AZ31B panels with a CeCC is basically the 
same value as was obtained for bare samples (as polished). The reverse scans for all 
measured samples, Figure 6, have a more active potential than the free corrosion 
potential. This implies a high probability of localized corrosion of the AZ31B alloy even 
with a conversion coating [7]. However, the corrosion resistance increased for coated 
samples because the CeCC increases the pitting potential. In particular, an appreciable 
anodic passivation region (~220 mV) for AZ31B after 5 s in immersion is evident in 
Figure 6. Although a limited passivation region is measured for 60 s and 180 s immersion 
panels, the pitting potential increased only ~40 mV. As a result, it is expected that the 
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specimen will undergo pitting attack once the free corrosion potential is reached. The 
corrosion current densities (icorr) of CeCC samples are significantly reduced compared to 
the bare sample and the lowest icorr was obtained for the 5s immersion time panel. 
Calculated values of corrosion rate are directly proportional to the immersion time, which 
is also directly proportional to the coating thickness.  
Impedance spectroscopy results from coated and uncoated samples are shown in 
Figure 7. The recorded spectra of the bare sample exhibited one capacitive loop and 
coated samples displayed two capacitive loops. This indicates that coated samples can be 
modeled by an electrical equivalent circuit that represents a coated alloy with a defect and 
the bare sample with a simple Randal’s model, as shown Figure 8.  
In figure 8, Rs is the solution resistance, Rp is the coating defect resistance, Rct is 
the polarization resistance or charge-transfer resistance at the metal interface. The 
symbols Qox and Qdl are two constant phase elements used to represent the non-ideal 
coating capacitance and the double layer capacitance, where nox and ndl are equal to 1 for 
an ideal capacitor and less than 1 for non-uniform surfaces.  The inductance is labeled L 
and represents the formation of a surface layer [8]. 
The equivalent circuits have been utilized to fit the electrochemical data obtained 
from bare and cerium-based coated AZ31B panels and the results are summarized in 
Table III. The 5 s CeCC sample had the maximum polarization resistance (5923 Ω cm2) 
and the highest defect or pore resistance (2921 Ω cm2). Additionally, comparing coated 
panels the 5 s sample has the lowest Qdl value, indicating a lower amount of area that is 
corroding [9].  
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In general the electrochemical results are consistent with the performance 
observed in salt spray testing. Both electrochemical and salt spray cabinet results 
indicated that ~100 nm thick cerium-based conversion coatings deposited by 5 s 
immersion provide the best corrosion resistance on Mg AZ31B alloy substrates.  
 
CONCLUSIONS 
The effect of immersion time on the morphology, thickness and corrosion 
behavior of cerium-based conversion coatings on magnesium AZ31B alloy was 
investigated. The as-deposited coatings system consisted of a three layer structure: (1) a 
nanocrystalline MgO transition layer in contact with the Mg substrate, (2) a 
nanocrystalline CeCC layer, and (3) an outer amorphous CeCC layer. The nanocrystalline 
CeCC layer thickness was a function of immersion time in the deposition solution and 
ranged from a minimum of ~100 nm (5 s immersion) to a maximum of ~400 nm (120 s 
immersion). In general, at all thicknesses the cerium-based conversion coatings improve 
the corrosion resistance of AZ31B magnesium in chloride media. However, the corrosion 
resistance of AZ31B magnesium alloy was best for thinner CeCCs. Based on the 
correlation of deposition time and corrosion behavior, layers of ~100 nm thick obtained 
by immersion for ~ 5 s exhibited a ~5.5X improvement in corrosion resistance vs. bare, 
as-polished panels. The presence of fewer and smaller cracks in 5 s immersion panels, 
and larger cracks in panels coated at the longer times, provide some explanation for the 
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As Polished 20 -68 5.0 -1490 -1490 0.11 
5S CeCC 149 -57 0.8 -1460 -1240 0.02 
60S CeCC 75 -50 1.5 -1480 -1430 0.03 
120S CeCC 133 -47 1.8 -1480 -1270 0.04 




































Rs (Ω∙cm2) 20 32 25 29 29 





















nox 0.94 0.92 0.90 0.87 0.82 
Rct (Ω∙cm2) 799 2921 1159 641 1626 
Rp (Ω∙cm2)  5923 3009 1232 2928 

















Figure 2. Cross-sectional bright field TEM micrograph of CeCC on AZ31B and 











Figure 4. Electron diffraction patterns (SAD) of CeCC on AZ31B from different regions: 






Figure 5. Optical images of cerium conversion coatings on AZ31B Mg alloy at different 







Figure 6. Cyclic potentiodynamic polarization behavior of cerium conversion coatings on 










Figure 8. Equivalent circuit models used to fit impedance data: a) simple Randal’s model 
with inductive loop for bare sample and b) two time constant model for cerium coated 











III. EFFECT OF DEPOSITION TEMPERATURE ON THE PROPERTIES OF 
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Magnesium Alloys, Cerium-Based Conversion Coatings, Bath Life, Corrosion Resistance 
 
ABSTRACT 
The corrosion performance of cerium-based conversion coatings (CeCCs) on 
magnesium alloys can be related to microstructure, thickness and chemical species. This 
study investigated the microstructures and compositions of CeCCs on AZ31 and AZ91 
magnesium alloys immersion deposited at temperatures in the range of 10 to 80°C. 
Electrochemical and neutral salt spray testing studies showed higher corrosion resistance 
for the cerium conversion coated panels at l0°C compared to the panels coated at room 
temperature. In addition, the number of panels that can be coated using the same 
deposition solution was higher for the 10°C solution compared to the room temperature 
solution.  The results also indicated that increasing the CeCC deposition solution 
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temperature reduced the effective deposition rate of the coating process and that the 
stability of the CeCC immersion bath decreased with increasing solution temperature. 
 
INTRODUCTION 
Driven by the automotive and aerospace industries, lightweight components 
fabricated using magnesium alloys have increased. Properties such as low density, high 
strength to weight ratio, good castability and abundant supply of magnesium make them 
attractive for lightweight structural applications [1-3]. However, the corrosion 
performance of magnesium alloys is a limiting factor that prevents wide spread use. The 
high electrochemical activity of magnesium alloys has resulted in the use of magnesium 
alloys as anode materials for cathodic protection of other metals rather than as structural 
materials for industrial applications [3]. 
In order to reduce corrosion, a multilayer coating system is often applied to 
magnesium alloys to improve the viability of their use as structural materials. The first 
layer of the coating system is usually obtained by chemical conversion coating followed. 
However, the high reactivity of magnesium alloys in acidic conversion coating solutions 
can result in a bath that is unstable an ineffective at producing a good coating. The most 
widely used type of conversion coating for magnesium alloys is the chromate-based 
conversion coating (CCC). The CCC contains hexavalent chromium, Cr(VI), which 
provides active corrosion protection. In other words, even if the surface is damaged by a 
scratch, the self-healing properties of CCCs protect the substrate. However, hexavalent 
chrome is a highly toxic and carcinogenic substance [3-6]. Phosphate-based conversion 
coatings (PCCs) are one of the most used alternatives for CCCs. Although PCCs have 
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some disposal issues, they are considered to have comparable corrosion resistance and 
are more environmentally friendly than CCCs [3,7]. Nevertheless, the metal phosphates 
are insoluble in neutral pH solutions and require very acidic solutions to form 
precipitates. An acidic phosphate solution causes dissolution of magnesium ions from the 
alloys, impeding the formation of a protective coating on magnesium alloys [8]. Another 
reason of why phosphate coatings do not protect Mg alloys is because the MgHPO4∙3H2O 
species formed by the precipitation on the surface of the alloy are only stable over a 
narrow range of pH conditions [7].  
Rare earths conversion coatings, principally cerium-based conversion coatings 
(CeCCs), have been shown to improve the corrosion resistance of magnesium alloys [9-
16]. However, the effectiveness of the CeCCs as a corrosion protection layer is highly 
dependent on surface pretreatment, deposition parameters and post-treatment [6,16]. 
Recent results showed that Mg alloy systems can be pretreated with CeCC solution which 
enhances adhesion to subsequent E-coating [12]. The corrosion performance of CeCCs 
can be also improved using an additional weak acidic phosphate bath treatment after 
CeCC deposition. This additional bath forms insoluble CePO4 species that will provide 
long term protection for aluminum alloys [17]. The effect on the corrosion behavior of 
several deposition parameters of CeCCs on magnesium alloys such as immersion time, 
morphology and thickness have been widely investigated but studies on the bath life and 
stability on corrosion performance have not be reported [9-16]. In this work, different 
deposition temperatures were studied to determine the effect on bath stability and 





Coupons of rolled magnesium AZ31B alloy of 100 x 50 x 2 mm and coupons of 
die-cast magnesium AZ91D alloy measuring 100 x 50 x 4 mm were mechanically 
polished using 180 grit silicon carbide abrasive papers. Samples were then cleaned with 
isopropyl alcohol, rinsed with deionized water (DI), and dried in air at room temperature. 
Prior to conversion coating deposition, panels were immersed in 0.5 wt.% HBF4 for 30 
seconds and then in 5 wt.% NaOH for 30 seconds at room temperature.  
To prepare the coating solution, hydrated CeCl3 was dissolved in DI water and 
then, the solution pH was adjusted to 2.07 with hydrochloric acid. Subsequently, a 
dispersion of gelatin in DI water was prepared and added to the cerium chloride solution. 
Lastly, hydrogen peroxide was added to the solution and mixed for 10 minutes. Details of 
the cerium-based composition bath prepared to produce the conversion coatings are given 
in Table I.  
Coupons of magnesium AZ31B and AZ91D alloys were then immersed for 120 s 
at bath temperatures of 10, 25, 50 and 80 °C in the CeCC solution. Finally coated 
samples were post-treated by immersion in a 2.5 wt.% NaH2PO4 solution for 5 min at 85 
°C immediately after deposition [17]. Potentiodynamic polarization scans were 
performed using a potentiostat model 273A (Princeton Applied Research) in a corrosion 
flat cell model K0235 with a platinum mesh counter electrode and a saturated calomel 
electrode (SCE) reference electrode. The measurements were carried out using a working 
electrode exposed area of 1 cm
2
 in an electrolyte solution of 0.6 wt.% NaCl and 0.6 wt.% 
(NH4)2SO4 in DI water. Initially the open circuit potential (OCP) was monitored for 1000 
seconds followed by cyclic potentiodynamic scans (CPDS). The CPDS measurements 
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were conducted from -0.3 to 0.8 V and then scanned back to -0.25 V with respect to OCP 
with a scan rate of 1 mV/s. Coated panels were also evaluated by ASTM B117 neutral 
salt spray testing. The surface morphology of the coatings was characterized using a 
Helios NanoLab 600 electron microscope system. 
 
RESULTS 
In this study, bath life is defined as number of panels that can be coated 
sucessfully in the same bath before signs of degradation of the solution baths are present, 
such as cloudy solutions with visible contaminants or excessive foam. This degradation is 
also detected when coatings have visible defects such as uneven surfaces, powdery finish 
or color changes. 
Figure 1 are optical images of beakers of CeCC solutions after inmmersion of 5 
panels of AZ31B Mg alloy and 5 panels of AZ91D Mg alloy at bath temperatures of 10, 
25, 50 and 80 °C. In general, room temperature has been used to deposite CeCCs on 
different substrates in most of the available literature [5,6, 9-17]. Although CeCCs were 
produced on the surface of both magnesium AZ31B and AZ91D alloys at all bath 
temperatures, the excessive foaming due to the high reactivity of the solution at 
temperatures >50 °C decreased the bath life , as shown for the 80 °C beaker in Figure 1. 
In contrast, using a bath temperature of 10 °C significantly increased the bath life, as the 
solution for the 10 °C bath toward the right side of Figure 1 is still clear.  A total of 10 
panels were coated at 80 °C using the same solution but powdery coatings with a gray 
color change were observed after panel # 4. In the case of 50 °C, 10 panels were coated 
using the same solution but after panel #8 uneven coatings with color change were 
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observed. At 25 and 10 °C solution baths all panels presented good properties. In addition 
for 25 °C solution, another 10 panels were immersed in the same solution. However, last 
two panels presented some powder on the surface of the coating. Finally, for the solution 
at 10 °C another 10 panels were  coated in the same beaker and it is important to note that 
all 20 coated panels presented good surface conditions and the solution is still clear. 
Throughout the study the number of panels that could be coated using the same 
deposition solution increased as the bath temperature decreased.    
Shown in Figure 2 are micrographs of the CeCCs surface morphologies of the 
coatings deposited on AZ31B at bath temperatures of 10, 25, 50 and 80 °C. The surface 
morphologies presented in Figure 2 are practically equivalent to the AZ91D Mg alloy 
morphologies at all bath temperatures, in other words Figure 2 represents both Mg alloys.  
The CeCC on both magnesium alloys exhibited uniform cracked morphologies with 
nodular agglomerates. However, the nodule size and the cracks of the coatings increase 
with increasing bath temperature. Furthermore, the coatings deposited at 80 °C had 
peeled away from the substrate in several places.  
Optical images of AZ31B and AZ91D Mg alloys with CeCCs taken at various 
bath temperatures after 72 hours of salt spray exposure are shown in Figure 3. These 
images illustrate clearly that corrosion resistance of coated panels incresed with lowering 
the bath temperature in AZ31B Mg alloy. In particular for AZ31B, the CeCCs deposited 
with a 80 °C bath temperature had numerous and deeper pits compared to coatings 
obtained at lower temperatures and the poor corrosion resistance might be explained for 
the delamination observed in Figure 2 d). However, for AZ91D there is not much 
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difference in corrosion performance and all bath temperatures show good results after 72 
hours of salt spray testing.  
The cyclic polarization scans of CeCCs on AZ91D and AZ31B Mg alloys are 
presented in Figure 4. An increase on the corrosion resistance of AZ31B magnesium 
alloy is evident with lowering the bath temperature to produce the cerium-based 
conversion coatings, Figure 4 a). The CeCCs deposited on AZ31B at 10 °C increased the 
corrosion potential about 50 mV with respect to 25 °C value. The CeCCs obtained at 50 
and 80 °C showed similar corrosion potential compared to 25 °C for AZ31B. From 
Figure 4 b), the corrosion potential of CeCCs deposited on AZ91D at 10 °C increased 
about 70 mV with respect to 25 °C. Differently to AZ31B, the corrosion potential of 
CeCCs deposited on AZ91D at 50 and 80 °C increased about 60 mV with respect to 25 
°C . Moreover, anodic passivation regions of ~100 and ~80 mV were noted on CeCCs 
obtained at 50 and 10 °C bath temperatures AZ91D Mg alloy, Figure 4 b). The mean 
values of the corrosion parameters calculated from cyclic potentiodynamic polarization 
curves are presented in Table II. Results of corrosion rates presented in Table II 
confirmed that CeCCs deposited at 10 °C on AZ31B and AZ91D Mg alloys increased the 
corrosion resistance respect to 25 °C. Results also showed that a 80 °C bath temperature 
has the highest corrosion rate in both Mg alloys. In AZ91D, the 50 °C bath temperature 
showed very good electrochemical properties compared to 25 °C.  
 
CONCLUSIONS 
Electrochemical measurements, neutral salt spray testing and morphological 
analysis showed that the bath temperature of the CeCCs solution affected the corrosion 
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performance of the coatings obtained on AZ31B and AZ91D magnesium alloys. It was 
observed that decreasing the deposition temperature leads to lower nodule sizes, more 
compact structures and more protective coatings respect to 25 °C. It was also found that 
lowering the bath temperature to 10 °C the bath life was extended which is also related 
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Table I.  Chemical composition of CeCC solution bath.  
Chemical Composition Concentration (wt. %) 
CeCl3∙7H2O (99.9 %, Alfa Aesar) 4 
H2O2 (Fisher Chemical, 30 vol%) 6.7 
Organic Gelatin (RDH, Rousselot) 0.25 



















Table II.  Corrosion parameters derived from the potentiodynamic polarization 




Bath Temperature °C 10 25 50 80 10 25 50 80 
Ecorr (mVSCE) -1686 -1719 -1713 -1714 -1576 -1644 -1588 1581 
























Figure 1. Appearance of CeCC solution after immersion of 10 panels of AZ31B and 












   
a)      b) 
   
c)      d) 
Figure 2. Representative surface morphologies of CeCCs on AZ31B Mg alloy deposited 





Figure 3.  Optical images after 72 hours of salt spray testing at different bath 










Figure 4. Cyclic potentiodynamic polarization behavior of cerium conversion coatings at 

















IV. CORROSION BEHAVIOR OF CERIUM-BASED CONVERSION COATINGS 
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ABSTRACT 
Exposure of CeCCs on AZ31B and AZ91D Mg alloys to ambient sunlight, 
temperature, and humidity was done to determine the effect on corrosion resistance.  It 
was found that the CeCCs changed from pale yellow to almost translucent after 24 hours 
of sunlight exposure.  The effect of the solar electromagnetic radiation on the 
morphological, chemical and optical properties of these coatings was investigated using 
SEM and UV-Vis characterization techniques. In addition, the corrosion performance of 
CeCCs before and after ambient exposure was studied by ASTM B117 neutral spray 
testing and electrochemical polarization measurements. In general, the changes in 





The development of environmentally benign coating systems is one of the most 
active areas of research in surface engineering. Chromium and fluorine-free surface 
treatments have been the main objectives in the research and development of new coating 
alternatives [1-5]. A global effort has led to the development of a large number of more 
environmentally friendly conversion coatings such as stannates, phosphates, zirconium 
and rare earth-based coatings [1,2,4-6]. In addition to replacement of the hexavalent 
chromium and fluorine baths, the use of lightweight materials is desirable for a number of 
reasons. For instance, magnesium alloys have been selected by the automotive industry 
for several lightweight applications [3]. Cerium-based conversion coatings have shown to 
improve the corrosion resistance of several magnesium alloys [6-9]. The effectiveness of 
the CeCCs on the corrosion protection has been highly dependent on process parameters. 
Detailed studies of the effect of process variables such as coating thickness, CeCC bath 
temperature, alkaline and acid surface pretreatments, and postreatments on the corrosion 
performance of CeCCs applied on AZ31B and AZ91D Mg alloys have been reported [8-
12]. However, effects of several concomitant variables on the behavior of CeCCs are still 
unknown. In this study, the effect ambient sunlight of cerium-based conversion coatings 
applied to AZ31B and AZ91D Mg alloys was investigated.  
 
EXPERIMENTAL PROCEDURE 
Coupons of AZ31B and AZ91D Mg alloys of 10 x 5 cm
2
 of exposed surface area 
were mechanically polished using 180 grit abrasive silicon carbide papers, cleaned with 
isopropyl alcohol, then rinsed with deionized water, and finally dried at room 
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temperature. The cleaned samples were pretreated in 1 wt.% HNO3 aqueous solution for 
30 seconds followed by an alkaline cleaning in 5 wt.% of Na2SiO3∙5H2O aqueous 
solution for 5 minutes at room temperature. The activated Mg alloys were then immersed 
in an aqueous solution of 4wt.% of CeCl3∙7H2O (99.9 %, Alfa Aesar), 6 vol% of 
hydrogen peroxide (Fisher Chemical, 30 vol%), and 0.25 wt.% of organic gelatin (RDH, 
Rousselot)  in deionized (DI) water for 60 seconds. Following deposition, the coated 
samples were postreated for 5 min at 85 °C in a 2.5 wt.% NaH2PO4 aqueous solution. 
 
Four samples for each Mg alloy were deposited in order to have reproducible 
results. Two of the samples for each alloy were used for salt spray testing and the other 
two for the other characterization techniques. Half of the total area in each sample was 
wrapped with aluminum foil to protect that region from sunlight exposure. The panels 
were then exposed to ambient conditions during 6 hours/day (9:00 am to 3:00 pm) for 
consecutive 4 days.  
 
Morphological characterization was performed using the Dual Beam Helios 
NanoLab 600 in SEM mode. Ultraviolet-visible spectra analyses were measured using a 
Varian Cary 5 ultraviolet-visible-near-infrared spectrometer (UV-Vis-NIR) in the 
wavelength range of 310-750 nm. The corrosion performance of the coated panels was 
evaluated by ASTM B117 neutral salt fog testing and cyclic potentiodynamic 
polarization scans. The latter technique was carried out using a flat cell of 1.0 cm
2
 of 
exposed area (model K0235, Princeton Applied Research) with a saturated calomel 
electrode (SCE) and platinum mesh counter electrode. A 0.6 wt.% sodium chloride + 0.6 
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wt.% ammonium sulfate solution in DI water was used as electrolyte. Open circuit 
potential (OCP) was monitored for 1500 seconds and the cyclic potentiodynamic 
polarization scans were conducted at 1 mV/s from -0.3 to +0.8 V and then decreased back 
to -0.25 V respect to OCP.  
 
RESULTS AND DISCUSSION 
Optical images of cerium-based conversion coatings on AZ31B and AZ91D Mg 
alloy panels partially exposed to ambient conditions before and after 168 hours of salt 
spray testing are shown in Figure 1. A color change from pale yellow to almost 
translucent was observed in the sunlight exposed area of the CeCCs of both alloys 
compared with the Al foil protected area. Traditionally yellow to orange coatings are 
obtained when panels are coated through the method described in the experimental 
procedure. Since the optical properties can be explained by physical and/or chemical 
changes, the corrosion behavior of both exposed and unexposed areas was studied. The 
bottom part of Figure 1 shows the panels after salt spray testing. Although the color is 
different in both areas the corrosion performance is almost identical in each magnesium 
alloy. No differences in size or number of pits were observed in the different regions for 
each panel.  
 
 The surface morphologies of the cerium-based conversion coatings on AZ31B 




 Figures 2 a) and 2 c) illustrate the surface morphologies of the CeCC - AZ31B 
and the CeCC – AZ91D systems without sunlight exposure, respectively. The same 
uniform cracked surface morphology with small nodular agglomerates has been observed 
on both magnesium alloys. In addition, this morphology is very similar to the as-coated 
CeCCs reported previously on magnesium alloys [9-12]. Figures 2 b) and 2 c) reveal the 
surface structures of the CeCCs on AZ31B and AZ91D after being exposed to 24 hours 
of sunlight. These coatings showed a slight decrease in cracking and nodule size 
compared to the unexposed regions of coatings.  
 
The optical reflectance spectra of CeCCs applied on AZ31B and AZ91D Mg 
alloys with and without being subjected to sunlight are shown in Figures 3 a) and b), 
respectively. The spectra of the CeCCs subjected to sunlight revealed an increase in the 
reflectivity at wavelengths between 400 and 500 nm. With this increase, the reflectance 
of the sunlight exposed samples is consistently higher across the visible range (400-700 
nm), appearing lighter than the unexposed regions. Additionally, the spectra of exposed 
coatings are approximately with the same reflectance value in the visible range which 
makes the coatings appear white in color. In contrast, the unexposed region presents less 
reflectance values at wavelengths of 400-500 nm than the rest of the visible range, 
resulting in a yellowish color. 
 
Cyclic potentiodynamic scans of the CeCCs deposited onto AZ31B and AZ91D 
substrates were measured for ambient exposed regions with and without blocking the 
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sunlight (Figure 4). The corrosion parameters calculated from cyclic potentiodynamic 
polarization curves are presented in Table I.  
 
The Figure 4 a) suggests that corrosion performance of CeCCs with and without 
sunlight exposure is equivalent since both curves follow the same trend. The calculated 
corrosion potentials (Ecorr) and corrosion current densities (icorr) for both regions in 
AZ31B are basically the same value. The CeCCs on AZ91D exposed and unexposed to 
sunlight also showed similar corrosion performance. Nevertheless the unexposed region 
has slightly better corrosion resistance, Figure 4 b). This observation is based on the 
smaller corrosion current corresponding to the unexposed sample. Although from 
electrochemical measurements a slight difference between the corrosion performance of 
exposed and unexposed CeCCs on AZ91D regions is expected, no appreciable variations 
were found in the salt spray test.  
 
From electrochemical results practically no difference in corrosion behavior was 
observed for exposed and unexposed regions to sunlight. This observation is consistent 
with one week in salt spray testing, where panels performed similar in both regions. The 
optical difference in regions of CeCCs on both Mg alloys after being subjected to direct 
sunlight has the same tendency; the UV-Vis results showed an increase in the reflectance 
values at wavelengths in the range of 400 – 500 nm. These results are in agreement with 
the visual observations and the change in color might be related with the amount of 
cerium species in each oxidation state. Yellow precipitates have been correlated with 
high amounts of Ce(IV) species; colorless or translucent precipitates have been identified 
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with larger amounts of Ce(III) species [13]. The morphologies of samples have been 
studied; fewer cracks and smaller nodule sizes were observed on sunlight exposed panels 
against unexposed regions. 
 
CONCLUSIONS 
The exposure of CeCCs on AZ31B and AZ91D Mg alloys to ambient sunlight 
changed the appearance of the surface. The exposed regions presented different 
morphologies and reflectance curves but relatively equivalent corrosion properties. The 
different morphologies observed in ambient sunlight exposed panels do not give clues on 
why the color could change. Although the surfaces are slightly different after sunlight 
exposure on both Mg alloys the similar mud-cracking morphology does not suggest 
different protection performance. The differences found in the reflectance curves are the 
confirmation of the color change from pale yellow to almost uncolored after 24 hours of 
sunlight exposure. The decrease of Ce(IV) species on exposed CeCCs might be an 
explanation for color change, because Ce(IV) species has been related with the yellowish 
appearance of CeCCs. The studies of CeCCs before and after ambient exposure by 
ASTM B117 neutral spray testing and electrochemical polarization measurements 
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Figure 1. Optical images of cerium-based conversion coatings on AZ91D and AZ31B Mg 













a)      b) 
 
c)      d) 
Figure 2. SEM images showing the surface morphologies of CeCCs in the unexposed and 












Figure 3. UV-Vis spectra of CeCCs after ambient exposure with and without sunlight 










Figure 4. Cyclic potentiodynamic polarization comparison of cerium coated unexposed 






V. PHOTO-ASSISTED REDUCTION IN NANOSTRUCTURED CERIUM-
BASED COATINGS 
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Nanostructured cerium-based coatings on AZ31 Mg alloy substrates exposed to 
sunlight under ambient conditions had a ~30% increase in Ce(III) species compared to 
unexposed coatings as measured by X-ray photoelectron spectroscopy. A decrease in film 
cracks and shift in bandgap from 2.5 eV to 2.7 eV were also measured. Visible changes 
in color, from yellow to translucent, with exposure were also observed and suggest that 
cerium-based coatings are reduced by light exposure in humid environments.  
 
Keywords: Photochemical reaction; cerium oxides; nanostructured materials; magnesium 
alloys 
 






The electronic structure of cerium gives its compounds unusual physical, 
chemical and electrochemical properties [1-4]. Cerium exists in two oxidation states, 
Ce(III)
 
when the 4f orbital is occupied with one electron (4f 
1
) and Ce(IV) when 
unoccupied (4f 
0
) [1,3,4]. Cerium-based oxides are technologically important because the 
Ce(III) / Ce(IV) couple may undergo rapid oxidation-reduction cycles depending on the 
environmental conditions [4]. Due to this characteristic, cerium oxides have been used in 
catalysis [3,4], corrosion protection [5-10], solid oxide fuel cells [2,11] and other solid 
state electrochemical devices [4,12,13]. The determination of the oxidation state in 
oxygen deficient CeO2-x has been extensively studied experimentally and theoretically [2-
4,12-16].  
Bulk CeO2 has a stable cubic structure (fluorite type, space group Fm3m) from 
room temperature to the melting point (~2500 °C) [2-4]. It has been reported that CeO2-x 
has a cubic fluorite structure up to x≈0.2 but additional studies on more reduced 
compositions (0.2<x<0.3) suggested that lower symmetry structures such as 
rhombohedral, monoclinic, and triclinic are possible [2]. The reduction mechanism from 
Ce(IV) to Ce(III) species in cerium oxides is not known, but Ce(III) is favored in oxygen-
deficient atmospheres at elevated temperatures (200 – 1000°C) [2-4]. General agreement 
between theoretical and experimental works indicates that the two electrons associated 
with an oxygen vacancy are the thermodynamic driving force for reduction of the two 
Ce(IV) atoms that are the nearest neighbor of the vacancy [4,13].  
Nanostructured cerium oxides have been reported to have properties different than 
bulk materials [11,12]. The heat of reduction was found to be less than one-half in 
nanocrystalline CeO2 and CeO2-x (~10 nm crystallite size) compared to bulk crystalline 
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samples [2,12]. In addition, nanostructured CeO2-x polycrystals have shown reduced grain 
boundary resistance and higher electronic conductivity than bulk materials [12]. Changes 
in oxidation state and lattice expansion of cerium oxides nanoparticles have been 
correlated with particle size; the smaller the particle size (< 15 nm) the larger the fraction 
of Ce(III) species and the larger the lattice parameter [16]. Lattice expansion and volume 
changes are attributed to the larger ionic radius of Ce(III) compared to Ce(IV) ions and 
an increase in oxygen vacancies [4,16]. Cerium oxide nanoparticles can also be used as a 
photocatalyst for toluene oxidation [16], azodye degradation [18] and water 
decomposition [19]. However, the wide bandgap associated with cerium oxide (~3.2 eV) 
has limited the photocatalytic applications to UV irradiation [17-19]. 
   
In this work, the photochemical reduction of nanostructured Ce(IV) to Ce(III) was 
demonstrated under ambient conditions. The reduction of the Ce species was 
characterized using X-ray photoelectron spectroscopy, UV-visible spectroscopy and 
electron microscopy. The electronic structure and the optical properties of the cerium-
based nanocoatings are potentially viable for photocatalytic applications.     
 
Panels of AZ31B Mg alloy of dimensions 100 mm by 50 mm by 2 mm were 
mechanically polished using 180 grit abrasive silicon carbide papers. Prior to coating 
deposition, the panels were cleaned with isopropyl alcohol, rinsed with deionized (DI) 
water, and finally dried at room temperature. To prepare the surface for coating 
deposition, panels were pretreated in 1 wt.% HNO3 aqueous solution for 30 seconds 
followed by an alkaline cleaning in an aqueous solution containing 5 wt.% of 
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Na2SiO3∙5H2O for 5 minutes at room temperature. After surface pretreatment, the AZ31B 
panels were then immersed in an acidic cerium-based aqueous solution for 120 seconds. 
The deposition solution consisted of 4wt.% of CeCl3∙7H2O (99.9 %, Alfa Aesar), 6.7 
wt.% of H2O2 (Fisher Chemical, 30 vol%) and 0.25 wt.% of organic gelatin (RDH, 
Rousselot) in DI water. The deposition solution was prepared by dissolving cerium 
chloride salt in DI water followed by pH adjustment to ~2.1 with HCl. The hydrogen 
peroxide was added into the solution just a few minutes before deposition. The final 
deposition pH was ~ 2.3. Following deposition, the coated panels were postreated for 5 
min at 85 °C in a 2.5 wt.% NaH2PO4 aqueous solution. The phosphate treatments on 
cerium-based coatings reduce film cracking and partially transform Ce(IV) oxides into 
Ce(III) species, in particular CePO4∙H2O [8]. In this work, the cerium-based postreated 
coatings are denoted as cerium-based conversion coatings or CeCCs.  
 
Exposure to ambient sunlight was performed by covering half of a coated panel 
with aluminum foil. The partially covered CeCCs were exposed for 18 hours (6 hours per 
day, for 3 consecutive days) to direct sunlight at a temperature of ~25 ± 5°C and a 
relative humidity >65%. The ambient exposure experiments of the CeCC on AZ31B were 
repeated three times to ensure reproducibility. 
 
X-ray photoelectron spectra were collected with a Kratos Axis 165 X-ray 
photoelectron spectrometer (XPS) using a non-monochromated aluminum X-ray source. 
A Varian Cary 5 ultraviolet-visible near infrared spectrometer (UV-vis-NIR) in the 
wavelength range of 310-700 nm was used to record UV-vis diffuse reflectance spectra 
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and determine optical bandgaps, Eg, of the coatings. Surface morphology analysis was 
performed using a Dual Beam Helios NanoLab 600 in scanning electron microscopy 
(SEM) mode. The coatings were ~400 nm thick as measured by cross-sectional analysis 
in focused ion beam (FIB) mode (not shown). 
 
The as-deposited color of the CeCC changed from yellow to translucent during 
sunlight exposure. Yellow colored coatings have been previously reported when metallic 
panels are coated using similar methods [6,8,9]. Orange to dark yellow coatings have 
been reported for coatings rich in Ce(IV) oxides while coatings rich in Ce(III) oxides are 
pale yellow to translucent [5,6]. Based on these results and other findings, the color 
change is a visual indication of the photochemical reduction of Ce(IV) to species to 
Ce(III).  
 
XPS analysis of the high resolution Ce 3d core level spectra revealed that the 
cerium-based nanocoatings contained a mixture of Ce(III) and Ce(IV) species with and 
without sunlight exposure, Figure 1. The Ce 3d core level spectrum is refined for the 
spin-orbit splitting 3d5/2 and 3d3/2 states. In addition, the 3d5/2 and 3d3/2 states are 













 0) is related to the v, u, v’’, u’’, v’’’, and u’’’ final states [1,14-16]. The 
concentration of Ce(III) species calculated from fitting of the spectra  increased from 44 
at.% in unexposed coatings to 57 at.% after sunlight exposure. These results are in 
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agreement with the visual observations, since the Ce(IV) species are related with the 
yellow appearance of the unexposed coatings.  
 
Figure 2 shows the UV-vis spectra of the CeCCs on AZ31B substrates with and 
without sunlight exposure. The optical absorption edge of the part of the panel exposed to 
sunlight shifted to shorter wavelengths with respect to the unexposed part of the panel. 
The cerium-based coatings partially absorb light in the visible region as the unexposed 
panel absorbs at λ < 490 nm and the exposed panel absorbs at λ < 460 nm. These 
threshold wavelengths were calculated by extrapolating the absorption edges to the 
intercept of the UV-vis spectra. The threshold wavelengths were then used to calculate 
the optical bandgaps by Planck’s equation Eg = hc/λ, where h is the Planck’s constant and 
c is the speed of light. The estimated bandgaps are 2.5 eV and 2.7 eV for the unexposed 
and exposed panels, respectively. The absorbance of the unexposed sample is 
consistently higher than the exposed sample across the visible range (400-700 nm).   
 
The morphologies of the CeCCs on AZ31B Mg alloy after 18 hours of ambient 
exposure are shown in Figure 3. The morphology of the CeCC without sunlight exposure 
exhibited a uniform mud-cracked surface morphology with small nodular agglomerates 
(Figure 3 a), similar to previously reported CeCCs [6,8,9]. Figure 3 b) reveals that the 
surface morphology of the CeCC after being exposed to sunlight showed a significant 
decrease in cracking compared to the unexposed sample. In addition, fewer and smaller 




A visible change in color was observed within the first hour of sunlight exposure 
and the color continued to change until panels that originally had a pale yellow color had 
change to translucent after about 18 hours of exposure. These observations suggest that 
photo-assisted reduction of Ce(IV) into Ce(III) species increased as a function of 
exposure time. The XPS results showed an increase of about 30% in Ce(III) species with 
sunlight exposure. The changes were mainly detected for the increase of the v’, v0, u’, 
and u0 final state peaks, which are related to the tightly bound Ce(III) electrons in the 4f 
orbital [1,4,14-16]. The reduction of Ce(IV) species has been explained in the literature 
with the formation of oxygen vacancies by annealing, electron irradiation, X-ray 
irradiation or chemical reduction [4]. In this work only ambient conditions and direct 
sunlight exposure were used to promote the reduction. However, it is important to note 
that no appreciable color changes were observed on CeCCs during 18 hours of sunlight 
exposure in dry environments (<50% relative humidity) at room temperature. 
Furthermore, sunlight exposure was also performed indoors through a glass window 
which partially filtered UV wavelengths. Although color changes were detected in humid 
environments, longer exposure times were needed to obtain similar appearance with 
respect to the outdoors exposure experiments. The calculated bandgaps from the UV-vis 
measurements for these nanostructured CeCCs allow partial absorption of visible light. 
Therefore, the color changes were still observed for indoor exposure (i.e., partial filtration 
of UV-light), but this experiment also evidenced a dependence of the Ce(IV) reduction on 
the intensity of the light. The morphological changes, including fewer cracks and smaller 
nodule sizes during sunlight exposure, were consistent with the change in CeCC 
structure. The exhibited self healing behavior of coatings during sunlight exposure is 
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beneficial for any further photo-induced process because the integrity of the coating and 
the substrate could be protected. The decrease in cracks might be related to an expansion 
or volume change because of the presence of larger-size Ce(III) species and higher 
concentration of oxygen vacancies [2,4,13]. Previous studies on cerium coatings on 
magnesium alloys exposed to 24 hours of sunlight under ambient conditions revealed 
changes in coating appearance and morphology, but demonstrated equivalent corrosion 
performance compared to unexposed samples [10]. However, the barrier protection of 
these coatings may increase after sunlight exposure due to the reduction in cracking. 
These combined results suggest that CeCCs are potential candidates for photocatalytic 
applications in humid environments. 
 
The exposure of 400 nm thick CeCCs on AZ31B Mg alloy substrates to sunlight 
under ambient conditions at room temperature changed the visible appearance and the 
electronic structure of the coatings. The ratio of Ce(III) / Ce (IV) was significantly 
different for the unexposed and exposed areas as measure by XPS. The reduction of 
Ce(IV) species in the CeCCs exposed to sunlight is responsible for the color change, but 
the mechanism is not yet understood. The partial absorption of visible light by CeCCs (Eg 
~ 2.5 eV) not only explains the yellow color of the coatings but also suggests that they 
might be used for photocatalytic applications. The physical changes of the CeCCs due to 
the photochemical reduction do not explain the color change, but the crack healing could 
be a consequence of the lattice volume expansion, which could be an important feature 
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Figure 1. High resolution X-ray photoelectron spectra of the Ce 3d core level of the 


























Figure 3. Representative surface morphologies of the CeCCs of:  a) an unexposed region 
and b) a region exposed to sunlight. 
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ABSTRACT 
The evolution of microstructure and chemistry was studied for AZ31 Mg alloy 
substrates after grinding, acid cleaning, alkaline cleaning, cerium-based conversion 
coating (CeCC) deposition, and phosphate post-treatment. Grinding provided a 
homogeneous surface with comparable amounts of oxides and hydroxides species.  After 
acid treatment, this layer was ~90 nm thick, predominantly composed of oxide species 
(~85 at.%), and Mg deficient compared to the alloy chemistry.  Treatment in an alkaline 
solution selectively removed Al species and produced a porous hydroxide layer.  
Immersion of the substrate in a cerium solution resulted in spontaneous deposition of a 
CeCC. Analysis revealed that the as-deposited CeCC contained more than 60 at.% 
Ce(IV) species with nodular CeO2 nanocrystals embedded in an amorphous Ce(III)-rich 
matrix. After post-treatment in a phosphate solution, the coating was transformed into a 
dense, homogenous layer with fewer cracks than the as-deposited CeCC and the content 
of Ce(IV) species decreased to ~50 at.%. The post-treated CeCC had a nodular 
morphology and contained a mixture of CeO2/CePO4•H2O nanocrystal species embedded 
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in an amorphous matrix. Electrochemical results of as-deposited and post-treated CeCCs 
indicated an increase of ~4x in the corrosion resistance compared to ground uncoated 
AZ31 Mg alloys in a 0.05 M NaCl electrolyte. However, the impedance spectra of the 
CeCCs at low frequencies showed that post-treated coatings not only have higher 
impedance but may also act as a barrier for active corrosion species. 
In general, each of the five processing steps had functionalized the surface of the AZ31 
Mg alloy by reducing active cathodic sites, modifying the chemistry, changing the 
structure or forming protective layers. Understanding the coating evolution has provided 
insights on the surface preparation of Mg alloys and a basis for studying the response and 
evolution of these coatings after exposure to corrosive and ambient environments. 
 
Keywords: Cerium-based conversion coatings; Microstructural evolution; AZ31 
magnesium alloys; Electrochemical behavior; Surface preparation. 
 











The main driving forces for widespread use of AZXX Mg alloys compared to Al 
alloys and steel are their lightweight and the corresponding mechanical properties (e.g. 
specific stiffness, specific strength) [1-4]. However, the high chemical reactivity and poor 
corrosion resistance of Mg alloys have limited their use [2-4].  
Numerous authors have studied the corrosion mechanisms of different AZXX 
alloys in saline environments and summarized the corresponding relationships between 
corrosion and alloy microstructure [3-8]. In general, increasing Al content in AZXX 
alloys leads to better corrosion resistance but decreases ductility due to the formation of 
the brittle Mg17Al12 intermetallic phase (β) [3-5,9-13]. Among the AZXX series AZ31, 
AZ61 and AZ91 are the major commercial alloys [14-16]. Microstructural, chemical, 
mechanical and electrochemical properties of AZ91 Mg alloy have been widely 
documented [6,9,11,17-21]. Extensive investigation of AZ91 is due to its higher yield and 
ultimate tensile strengths as well as better corrosion resistance than AZ31 and AZ61 [1-
4,8,15]. In comparison, AZ31 can be used to form more complex shapes due to better 
ductility, but has high chemical reactivity associated with the low (~3 wt.%) Al content 
[14,15].   
In the last decade, the state of the art in corrosion protection for Mg alloys has 
been improved [9-11]. Chemical conversion coatings (CCs) are widely used as the initial 
layer of a coating system for protection of Mg alloys [9,11-13]. The CCs are a physical 
barrier between the substrate and the environment, can provide active corrosion 
protection, and improve the adhesion of subsequent paint coatings [9-11]. Surface 
preparation prior to CC deposition must be appropriate for the process; inadequate 
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treatment results in inhomogeneous and/or non-adherent coatings [11-14]. For example, 
the presence of the β phase at the surface of AZ91D alloys is desirable for good corrosion 
properties, but it may be detrimental for uniform coating deposition [9,21]. Appropriate 
control of the β phase can be obtained by a combination of acid and alkaline surface 
preparation steps which influence the electrochemical nature of the surface for 
subsequent coating deposition [21].   
Cerium-based conversion coatings (CeCCs) are capable of providing excellent 
corrosion resistance for high strength Al alloys when proper processing parameters are 
used [22-24]. CeCCs have also been evaluated for Mg alloys [9,12,13,19,25-33], but the 
structural and chemical properties of these coatings are not understood [11,19]. Partial 
results on the formation, characterization and corrosion performance of CeCCs applied to 
AZ31 Mg alloy have been published, but the processes required long immersion times 
(>30 min) to provide effective corrosion inhibition  [27-29]. Small additions of hydrogen 
peroxide (< 8 wt.% H2O2) to the CeCC solution reduced the deposition time on Mg alloys 
to about 2 min [12,13,19,30-33]. Specifically, CeCCs deposited onto AZ31 Mg substrates 
have demonstrated promising anti-corrosion and photocatalytic properties [19,33]. These 
properties might be related to the surface preparation and the final coating microstructure, 
but detailed mechanisms have not been elucidated [19,27-30,32,33]. The most common 
surface preparation steps for magnesium alloys are polishing or immersion in acid or 
alkaline baths [11-13,19,21,26-34]. Some authors have also used a combination of 
different surface preparation methods, demonstrating that the order of the steps affects 
the deposition and properties of the CeCCs. The morphology and anti-corrosion 
properties of cerium-based coatings on AZ91D are highly dependent of the surface 
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preparation. Results indicate that alkaline or acid then alkaline cleaning performed better 
than other combinations [21,31,34]. A common and successful pretreatment choice for 
the deposition of CeCCs on AZ31 and AZ91 Mg alloys consisted of surface grinding 
followed by acid and then alkaline immersion cleaning [11,19,21,31-33]. A complete 
characterization of each step of the process is fundamental to understand the coating 
formation mechanism. Recently, detailed studies of the microstructural evolution of the 
surface of pure Mg [35] and AZ80 [36] when immersed in water for 48 h revealed the 
formation of a Mg(OH)2 outer layer on the top of an inner MgO-rich layer. In general, 
~700 nm thick layers were observed for pure Mg while ~200 nm thick were measured for 
AZ80. Formation of similar layers was observed on pure Mg when exposed to alkaline 
solutions (1 M NaOH) for 48 h, but because Mg passivates in basic solutions thinner 
layers were detected (<400 nm)  [37]. These detailed studies revealed that systematic 
microstructural analysis of surface films can be used as the basis to propose the 
mechanisms of coating formation for Mg and its alloys [35-37].  
In the present paper, the microstructural evolution and chemistry were studied 
after each step of the CeCC deposition process on AZ31. Detailed characterization of the 
system provides new insights into the effect of each of the surface preparation steps and 
the impact of the selected order. The morphology and microstructure of the cerium 
compounds before and after post-treatment provides a basis for understanding the 






 2. EXPERIMENTAL PROCEDURE 
A five step process was used to deposit CeCCs onto Mg AZ31B alloy coupons 
that were 100 mm by 50 mm by 2 mm. First, the AZ31B alloy panels were ground using 
180 grit abrasive SiC papers under running water at room temperature (step A). Second, 
panels were immersed for 30 s at room temperature in an acid solution consisting of 1 
wt.% of HNO3 in deionized water (step B). The final preparation step was alkaline 
cleaning in an aqueous solution containing 5 wt.% of Na2SiO3•5H2O for 5 min at room 
temperature (step C). The panels were then immersed for 120 s in a deionized water 
solution containing 4 wt.% CeCl3•7H2O (99.9%, Alfa Aesar), 6.7 wt.% hydrogen 
peroxide (Fisher Chemical, 30 vol.%), and 0.25 wt.% organic gelatin (RDH, Rousselot) 
(step D). Finally, coated samples were post-treated for 5 min at 85 °C in an aqueous 
solution containing 2.5 wt.% NaH2PO4 (step E). Panels were rinsed with DI water after 
each process step and immediately underwent the next step (<1 min elapsed between 
different steps). The five steps of the deposition process can be grouped into two general 
stages: steps A, B and C are surface preparation, while steps D and E are coating 
deposition. Although the five steps are required to obtain functioning CeCCs, panels were 
prepared and analyzed after each process step to study the structure and composition after 
each surface treatment. To avoid undesired surface contamination, samples were 
prepared, dried, and immediately (<20 min) analyzed using the techniques described 
below.   
The coating cross-sections for scanning electron microscopy (SEM) and high 
resolution transmission electron microscopy (HRTEM) analysis were prepared using a 
Helios NanoLab 600. The dual beam NanoLab system is equipped with an energy 
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dispersive X-ray spectroscopy (EDS) detector to perform chemical analysis coupled with 
the electron beam for SEM characterization and a focused ion beam (FIB) that was used 
to deposit a protective Pt layer over the surfaces at each stage of CeCC preparation.  The 
encapsulated surfaces were then milled, thinned and polished to obtain cross-sections. 
The FIB system was also used in conjunction with an OMNIPROBE
TM
 micromanipulator 
to mount ~100 nm thick specimens onto Cu grids for subsequent TEM characterization. 
Since AZ31B Mg alloy is very reactive, the prepared TEM specimens were mounted and 
then immediately evaluated to minimize exposure to the environment (i.e., reduce 
formation of oxides and hydroxides). The HRTEM analysis was carried out in a FEI 
Tecnai F20 microscope operating at 200 kV in bright field mode. The TEM images were 
taken right after electron beam focusing because prolonged irradiation by the beam 
induced crystallization in some areas of the CeCCs. Image J 1.44p software was used to 
adjust brightness and contrast and to calculate film thicknesses and d-spacing 
measurements on the SEM and HRTEM images. The d-spacing measurements were 
compared with the PDF-4+ database from the International Center for Diffraction Data 
(ICDD).    
Surface chemical analysis of the CeCCs was performed with a Kratos Axis 165 
X-ray photoelectron spectrometer (XPS) using a non-monochromated aluminum X-ray 
source. The XPS spectra were performed between 0 and 1100 eV of binding energy. A 
peak for C 1s hydrocarbon contamination was detected in all the spectra and used to 
correct them to 284.6 eV to determine binding energy values. Unknown XPS spectral 
lines were identified with NIST Standard Reference Database 20, Version 4.1. Peak 
fitting and quantification of the XPS spectra were performed with CasaXPS software 
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(version 2.3.16). The electrochemical behavior of the CeCCs was studied by 
electrochemical impedance spectroscopy (EIS). A corrosion flat cell of 1 cm
2
 of working 
electrode with a platinum mesh counter electrode and a saturated calomel electrode 
(SCE) reference electrode were used for electrochemical measurements. The EIS 
measurements were performed using a Princeton Applied Research potentiostat model 
273A in conjunction with a Schlumberger model B1255 frequency response analyzer. 
The samples were investigated in a 0.05 M NaCl electrolyte and the data were collected 
over a frequency range of 0.01 to 1x10
5
 Hz with 10 mV AC with five points per decade. 
Corrware and ZView software programs were used to control and fit collected data. 
 
3. RESULTS 
Panels initially had relatively homogeneous surfaces with grooves that were 
attributed to the grinding (180 grit) in step A (Figure 1a).  Although some areas of 
contrast were observed, no inclusions or second phases were exposed on the surface. 
Figure 1 b) shows a cross section of the surface presented in Figure 1 a). A homogeneous 
layer ~50 nm thick formed on the surface of the AZ31B Mg alloy during the grinding 
step (layer A). Chemical analysis of the surface performed by XPS indicated the presence 
of Mg, Al, Zn, O and C. The results of the elemental quantification are presented in Table 
I. The uncorrected Mg and Al contents of 40.7 at.% and 1.8 at.%, respectively, are close 
to the nominal corrected composition of AZ31B (Table I). However, layer A was slightly 
Al-enriched since the Mg/Al at.% ratio calculated from Table I was ~23 and the expected 
ratio for the nominal composition is in the range of 29 to 42  [2-4]. Fitting of the high 
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resolution XPS (HRXPS) peaks of Mg 2p and O 1s (Figures 1 c) and d), respectively) 
indicated that layer A was ~59 at.% oxides and ~41 at.% hydroxides.     
The surface of the AZ31B substrate after grinding and acid treatment (step B) is 
shown in Figure 2 a). Bright Al rich particles are easily distinguished from the darker Mg 
matrix. Although AZ31B is expected to be a single phase alloy, chemical analysis by 
EDS confirmed that bright areas were rich in Al and Mn (not shown). Manganese is 
added to control iron impurities in AZXX alloys and may form manganese based 
compounds like Al6Mn or Al2Mn as reported by other researchers [3,7,8,14]. The acid 
treatment removed the thin native oxide/hydroxide layer present after step A, forming a 
new homogeneous layer ~90 nm thick (layer B) as shown in Figure 2 b). The cross-
sectional image corresponds to areas where no Al rich particles were visible from the top 
view. The elemental quantification calculated from the XPS spectrum of layer B is 
presented in Table I. The Mg/Al atomic ratio in layer B was ~5, which was much smaller 
than the Mg/Al ratio in layer A (~23).  The Al enrichment was due to the faster 
dissolution rate of Mg in acidic solutions compared to Al [1,3]. Fitting of Mg 2p and O 1s 
peaks showed that layer B was ~85 at.% oxides and ~15 at.% hydroxides, Figures 2 c) 
and d). These results confirmed that Mg alloys tend to form oxide species under acidic 
conditions [3-5].     
Figure 3 a) shows the surface of an AZ31B alloy panel after the entire preparation 
process of grinding, acid treatment, and alkaline treatment. No Al inclusions were 
observed after the alkaline treatment and the bright areas observed on the surface were 
caused by charging effects due to the layer formed on the surface, not particles of 
different atomic number. Figure 3 b) presents a cross-section image of the surface shown 
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in Figure 3 a). In this image a new porous layer C was observed on top of layer B. 
Chemical analysis by EDS confirmed that the porous top layer was richer in Al than the 
inner layer (not shown). The two layers had a total thickness (layers B + C) of about 180 
nm. Layer C contained Mg, Al, Si, O and C and quantification results obtained from XPS 
are presented in Table I. The Mg/Al atomic ratio for layer C increased to ~8 and can be 
explained by the preferential dissolution of Al in alkaline solutions while Mg is 
passivated [3-5]. The Al dissolution may also explain the porosity observed in layer C. 
Figures 3 c) and d) present the fitting of the HRXPS peaks of Mg 2p and O 1s for layer 
C. From these spectra Mg/Al hydroxide species were the dominant compounds, 
consistent with other results when alkaline pretreatments were used [4,5].  
The micrograph in Figure 4 a) presents the surface of layer D that formed during 
immersion in the cerium-based solution. A cracked surface with small Ce-rich nodules 
was observed on the surface of layer D. This is the characteristic morphology for CeCCs 
on Al and Mg based alloys [12,13,16,19,22-24,26-28,30-33]. The cross-section of layer D 
in a region with no cracks is presented in Figure 4 b). After CeCC deposition, only two 
layers were observed, an inner layer, which had a similar appearance to layer B and an 
outer layer D.  Layer D was the as-deposited CeCC and was ~400 nm thick. The CeCC 
layer was deposited onto a surface that initially had the appearance of the previous layer 
C by partially filling the pores of layer C and incorporating some of the species into the 
converted surface. Chemical analysis performed by XPS showed that the top surface of 
layer D was mainly composed of Ce and O with other small amounts of Mg, Al, and C 
(Table I). Fitting the HRXPS peaks for Ce 3d and O 1s for layer D is presented in Figures 
4 c) and d), respectively. The fitting of the Ce 3d core level spectrum was performed 
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following the same procedure used in reference [33]. Although a mixture of Ce(III) and 
Ce(IV) species was detected on the top surface of layer D, Ce(IV) was the predominant 
species with 63 at.% as shown in Figure 4c. Figure 4 d) illustrates three fitted peaks 
corresponding to Ce(IV) oxides, Ce(III) and Mg oxides, and Ce(III)/Ce(IV)/Mg 
hydroxides. The O 1s peak related to the Ce(IV) oxide can be distinguished since it had a 
binding energy that was about 1 eV lower than the others. The Ce(III) oxide peak 
overlapped with the Mg oxide signal making them difficult to fit as independent peaks. 
Similarly, the hydroxide peak represented bonds for magnesium in Mg(OH)2 and cerium 
in two different valence states, Ce(OH)3 and Ce(OH)4. 
Figure 5 a) shows the CeCC after phosphate treatment. Fewer cracks and smaller 
nodules were observed on the surface of CeCCs after post-treatment. The cross-sectional 
image (Figure 5 b) of the post-treated sample showed that it had a more homogeneous 
and dense structure (labeled layer E). The measured thickness of layer E ~400 nm, was 
about the same as layer D.  Hence, this was not a new layer over layer D, but an alteration 
of layer D due to the phosphate post-treatment. The XPS analysis indicated that layer E 
was mainly composed of Ce, P, O, Mg, Al and Zn (Table I). Phosphate post-treatment 
increased the amount of Ce(III) species from 37 at.% to 47 at.% (Figure 5 d). Three peaks 
were fitted for the O 1s peak in the post-treated sample. The shoulder of the lower 
binding energy was related to Ce(IV) in layer E, which had decreased compared to the 
amount detected in layer D.  However, layer E still contained a significant amount of 
CeO2. A peak corresponding to Mg oxide and Ce(III) oxide was identified, but the total 
area had also decreased compared to layer D. The third peak at the higher binding energy 
was due to more tightly bonded oxygen species. Previous studies have shown that this 
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peak is associated with Ce(III) phosphate species and some remaining OH bonded 
species [24]. The HRXPS results indicated that the increase in Ce(III) species was due to 
the formation of CePO4. 
The nanocrystalline structure of the cerium-based coatings of layers D and E is 
shown in Figure 6. The HRTEM images of the as-deposited CeCC layer D are shown in 
Figures 6 a) and 6 c) and the post-treated CeCC layer E in Figures 6 b) and 6 d). The 
structures of layers D and E were characterized by nodular nanocrystals embedded within 
an amorphous matrix. Electron diffraction patterns of CeCCs from previous work [32] 
have shown continuous rings with diffuse halos, which were consistent with the 
structures observed by lattice imaging. In addition, most of the crystalline regions were 
less than 5 nm in diameter for both coatings.  However, the crystalline regions appeared 
to be more spherical and homogeneously distributed in the post-treated CeCC (Figure 6 
b). From Figure 6 c) the lattice fringes of layer D were measured giving an approximate 
d-spacing of 0.32 nm, which is consistent with the {111} planes of the cubic structure of 
CeO2 [PDF-4+ 00-034-0394]. Figure 6 d) corresponding to layer E showed a smaller d-
spacing ~0.28 nm in some of the nanocrystals, which is consistent with the {102} facets 
of the hexagonal structure of CePO4•H2O [PDF-4+ 00-035-0614]. However, some 
nanocrystals on Figure 6 d) also exhibited the 0.32 nm d-spacing suggesting that CeO2 
crystals were still present in the CeCC after post-treatment. This result corroborates the 
HRXPS analysis performed on the post-treated sample. 
 
Figure 7 shows the electrochemical impedance spectra of AZ31 Mg alloy 
specimen after grinding step A, as-deposited CeCC step D, and post-treated CeCC step E 
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after 4 h at open circuit potential (OCP) in 0.05 M NaCl electrolyte. The AZ31 Mg alloy 
after grinding step A shows a capacitive loop at high and medium frequencies and an 
inductive loop at low frequencies characteristic of bare Mg alloys [43]. The impedance 
related to the capacitive loop of layers D and E exhibited an increase of ~ 4x with respect 
to the uncoated samples. This is consistent with the protective behavior previously 
reported for CeCCs on AZ31 Mg alloys [19,32,42].  However, at low frequencies layers 
D and E showed different behavior. Layer D had a small inductive loop inferring that 
active species penetrated through the coating defects while layer E showed another 
capacitive loop suggesting a higher resistance surface coating. The difference in 
corrosion protection of layer E might be related to the reduced number of cracks after 
phosphate post-treatment.    
 
4. DISCUSSION 
The chemical and morphological analysis investigated the role of each step of the 
surface preparation and deposition process for CeCCs on AZ31 Mg alloys. The surface 
preparation stage for AZ31 Mg alloy was composed of three steps starting with grinding, 
step A. This step removed surface contaminants from the fabrication process and the 
thick oxide/hydroxide layers that formed naturally on the surface [14,19]. After step A 
the ground surface reacted quickly with the environment forming a homogenous thin 
layer A. This oxide/hydroxide layer was Al-enriched compared to the base AZ31B Mg 
alloy and contained approximately equal amounts of oxide and hydroxide compounds. 
Previous work [27] had reported that the layer present after polishing was ~50 nm thick 
and was mainly oxide compounds. Although polished Mg alloys have shown increased 
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corrosion resistance compared to the natural surface, the improvement was likely related 
to the removal of surface contaminants that can create active cathodic sites rather than 
any increase in corrosion resistance provided by the thin layer formed after grinding 
[14,19]. Step B was acid cleaning, which has been reported as one of the most important 
steps of surface activation for Mg alloys [11,12,14,16,19,30-33]. When no mechanical 
processes are used to prepare Mg alloys for coatings, acid treatments can be performed at 
higher concentrations and longer immersion times to remove contaminants and the native 
oxide layer [14,16]. The acid treatment in step B produced an oxide/hydroxide layer 
characterized by an Al-rich composition (>7 at.% Al ). The XPS fitting of the high 
resolution peaks for Mg and O demonstrated that the acid treatment favored oxide 
formation (~85 at.% oxides) over hydroxide formation. Similar acid preparation step 
have been used as the final surface cleaning because acidic treatments produce Mg alloys 
surfaces that are extremely active, which promotes deposition of thicker coatings that are 
more adherent and protective than coatings deposited on polished or as-received samples 
[12,30,31]. Moreover, the aluminum enrichment on Mg alloys has been reported to 
enhance the corrosion resistance since the Al rich oxides and hydroxides tend to be more 
stable in a wider range of environments (e.g., pH variations, reactive species, etc.) [4-8]. 
Nitric acid treatment on AZ91D alloys has been found to preferentially etch the Mg/Al 
phase boundaries and promote a relatively homogeneous dissolution of the Mg phase 
[21]. 
Coatings deposited after a combination of acid and then alkaline treatments have 
better corrosion performance compared to coatings deposited on Mg alloys that 
underwent only acid or alkaline treatments [21,31]. Alkaline treatment (step C) promotes 
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selective Al dissolution from the surface layer, forming a porous layer of Mg/Al 
hydroxide. Selective dissolution of Al rich phases in AZ91D occurs when the 
combination of an acidic solution is used to expose the aluminum phase and then an 
alkaline solution is used to dissolve that phase [21]. The increase in the surface area 
might be one of the reasons that subsequent conversion coatings have better adhesion and 
perform better in corrosion. Another reason that alkaline treatments are important as the 
last step of the preparation stage is that they control the hydroxide species present in layer 
C. The hydroxide species are particularly important for promoting spontaneous 
deposition of CeCCs [38]. When Mg alloy panels are immersed into the acidic CeCC 
deposition solution, the OH
-
 groups associated with the metallic hydroxides and 
breakdown of the hydrogen peroxide species raises the pH near the surface of the alloy 
panel, enhancing spontaneous deposition of cerium species. The pH of the CeCC 
deposition solution is initially 2.3, which means that cerium species are present as Ce
3+
 
ions.  In the presence of H2O2, the Ce
3+
 ions precipitate as Ce hydroxides or hydrated 
oxides such as CeO2•2H2O [38].  Layer D had a dense morphology and appeared to be 
well bonded with the Mg surface.  The HRTEM images of layer D showed that 
nanocrystals of cerium oxide that were <5 nm in diameter were embedded in an 
amorphous matrix. While the cubic CeO2 structure is stable up to the melting point 
(~2400°C) for bulk materials, nanostructured cerium oxides may undergo rapid 
oxidation-reduction reactions with the environment and/or light sources [33]. The 
evolution of the small nanocrystals into larger crystals or different chemical compounds 
is possible in CeCCs since nanostructured cerium oxides have higher electronic 
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conductivity, reduced boundary impedance, and lower heat of reduction than bulk 
materials [39].  
Post-treatment of CeCCs (step E) produced a dense, homogeneous coating with 
fewer cracks than the as-deposited layer D.  The post-treated CeCC contained a mixture 
of nanocrystals of cerium dioxide and hydrated cerium phosphate. The partial conversion 
of the CeCC into phosphate species was accompanied by a more spherical nanocrystal 
morphology with the nanocrystals more evenly distributed in the amorphous network. 
The final post-treated CeCC consisted of two layers, an inner layer composed of Mg and 
Al oxides and an outer layer outer layer containing cerium dioxide and hydrated cerium 
phosphate nanocrystals in an amorphous matrix. Electrochemical impedance 
spectroscopy result indicated that layers D and E enhanced the anti-corrosion properties 
of the AZ31 Mg alloy. Although the impedances of as-deposited and post-treated CeCCs 
were similar, and higher, with respect to the bare sample, better corrosion protection is 
expected on post-treated samples since the high impedance value at low frequencies 
prevents water and aggressive species in the electrolyte from reaching the metallic 
substrate [40,41]. Previously, CeCCs with phosphate postreatment on 2024-T3 Al alloys 
have shown active corrosion protection during salt spray testing [41]. Although no sign of 
Ce migration has been found, the analysis of the samples after salt spray testing showed 
the formation of an interfacial layer containing Al, O, and Ce in response to exposure to 
corrosive species. In addition, other studies of similar CeCCs deposited on 7075-T6 Al 
alloys in NaCl solutions did not show dissolution of cerium species at pH >2 [40]. This 
indicates that coatings are stable in a wide range of pHs, but also that corrosion protection 
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was provided by a mechanism that did not involve dissolution and migration of cerium 
species.  
While CeCCs protect metallic substrates from corrosion by serving as a physical 
barrier and providing active corrosion protection [41], the inner layer may also be 
beneficial for the corrosion resistance of Mg alloys because it is thin, homogeneous, and 
rich in Al compared to the base alloy. Therefore, CeCCs (layers D and E) appear to be 
viable for corrosion protection of Mg alloys.  
 
5. CONCLUSIONS 
The evolution of surface structure and the chemistry was studied during surface 
preparation and deposition of CeCCs on AZ31B Mg alloy substrates. The surface 
preparation stage was composed of the first three steps of grinding, acid cleaning, and 
alkaline cleaning. Grinding produced a homogeneous surface.  The acid treatment altered 
the surface, producing an aluminum-rich composition compared to the base alloy. 
Aluminum enrichment enhanced corrosion protection by forming more stable Al-rich 
oxides. The final surface preparation step was an alkaline immersion that resulted in the 
formation of new layer over the existing Al-rich layer.  The new layer was characterized 
by a surface rich in OH
-
 species with a porous morphology attributed to the partial 
dissolution of Al species in the alkaline solution. The OH
-
 species enhanced and 
promoted spontaneous reaction with the cerium-based solution, while the porosity is 
proposed to play a major role in deposition of the cerium-based coatings due to the 
increase in surface area. The as-deposited CeCC contained a mixture of cerium oxides 
and hydroxides. High resolution XPS fitting indicated that the coating contained ~63 at.% 
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Ce(III) species while high resolution TEM images indicated that CeO2 nanocrystals were 
embedded in an amorphous network. These results led to the inference that the 
amorphous region was mostly Ce(III) species such as cerium hydroxides. After phosphate 
post-treatment, the CeCC coating had similar microstructural features to the as-deposited 
layer. However, XPS characterization showed that post-treated layer contained equivalent 
amounts of Ce(III) and Ce(IV) species. Furthermore, the HRXPS and HRTEM analysis 
showed the presence of cerium phosphate hydrated species that have been reported to be 
more corrosion resistant than cerium oxides. The nanocrystalline structure was found to 
be more homogeneous with nodular nanocrystals of both CeO2 and CePO4•H2O 
embedded in an amorphous matrix. The CeCCs enhanced the corrosion properties of the 
AZ31 Mg alloy by ~4x compared to the uncoated alloy after grinding step A. The 
electrochemical behavior of post-treated samples showed better corrosion properties 
since this layer is expected to act as a barrier for active corrosion species.   
Overall, the specific role of each of the surface preparation and deposition steps of 
the cerium-based coatings on AZ31B Mg alloys was investigated; new insights into the 
surface functionalization were revealed and provided the basis for understanding the 
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Table I. Nominal composition of AZ31B Mg alloy [2-4] and summary of the elemental 
quantification in atomic percent (at.%) of superficial layers formed at each step of the 
process. Adventitious carbon was detected and used for calibration purposes but it was 




Layer A Layer B Layer C Layer D Layer E 
O 1s N/A 57.4 54.1 53.4 69.4 70.5 
Mg 2p 95.9 - 97.4 40.7 38.4 34.4 6.6 7.9 
Al 2p 2.3 - 3.2 1.8 7.3 4.6 0.8 1.9 
Zn 2p 0.3 - 0.5 0.1 0.2 0.0 0.0 0.2 
Mn 2p 0.1 - 0.5 0 0 0 0 0 
Si 2s N/A N/A N/A 7.6 0 0 
Ce 3d N/A N/A N/A N/A 23.2 8.9 



















Figure 1. a) SEM image of the surface after the grinding step A. b) SEM cross-sectional 
image showing the layer A formed on the AZ31B Mg alloy. c) Fitting of the HRXPS 
spectrum for the Mg 2p peak for layer A. d) Fitting of the HRXPS spectrum for the O 1s 









Figure 2. a) SEM image of the surface after the grinding, and acid treatment, steps A and 
B. b) SEM cross-sectional image of the layer B formed on AZ31B Mg alloy. c) Fitting of 
the HRXPS spectrum for the Mg 2p peak for layer B. d) Fitting of the HRXPS spectrum 









Figure 3. a) SEM image of the surface after grinding, acid treatment, and alkaline 
treatment, steps A, B and C. b) SEM cross-sectional image of the layer C formed on 
AZ31B Mg alloy. c) Fitting of the HRXPS spectrum for the Mg 2p peak for layer C. d) 









Figure 4. a) SEM image of the surface after the surface preparation stage and CeCC 
deposition, steps A, B, C, and D. b) SEM cross-sectional image of the layer D formed on 
AZ31B Mg alloy. c) Fitting of the HRXPS spectrum for the Ce 3d peak for layer D. d) 









Figure 5. a) SEM image of the surface after the surface preparation stage, CeCC 
deposition and phosphate post-treatment, steps A, B, C, D and E. b) SEM cross-sectional 
image of the layer E formed on AZ31B Mg alloy. c) Fitting of the HRXPS spectrum for 









Figure 6. High resolution TEM images of the layers formed at the deposition stage, layer 








Figure 7. Impedance spectra of AZ31 after grinding step A, as-deposited CeCC step D, 















3. SUMMARY AND CONCLUSIONS 
The main objective of this work was to investigate the deposition and the anti-
corrosion properties of cerium-based conversion coatings on AZ31 and AZ91 Mg alloys. 
For the deposition process, a variety of surface preparation steps, immersion times, and 
bath temperatures were investigated. The effects of these processing parameters were 
correlated with microstructural, chemical, and morphological characteristics. Salt spray 
cabinet testing and electrochemical responses of the different processing conditions of 
CeCCs on Mg alloys were also evaluated to study the mechanisms of corrosion 
protection. Exposure to ambient sunlight in humid environments (>65%) was performed 
to study the electrochemical, morphological, optical, microstructural, and chemical 
effects on the CeCCs deposited onto Mg alloys.    
 Preliminary work indicated that effectiveness of CeCCs in the corrosion 
protection of AZ Mg alloys is highly dependent on the surface preparation. Initially, 
mechanical and chemical surface pretreatments were explored for both substrates AZ31 
and AZ91 Mg alloy substrates. Grinding the as-received samples with 180 grit abrasive 
silicon carbide papers showed less pits and corrosion products with respect to bare panels 
when exposed to ASTM B117 salt spray testing. Grinding the Mg samples also resulted 
in the deposition of more uniform coatings. Analysis of the results at different steps of the 
research led to the conclusion that the enhancement in the corrosion resistance of ground 
samples was due to reduction of cathodic sites at the surface. After grinding, acidic (e.g. 
H2SO4, HCl, HNO3, HBF4, H3PO4) and alkaline (e.g. NaOH, KOH, Na2SiO3∙5H2O, 
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Na2CO3) cleaning solutions were investigated. However, out of the different 
combinations of mechanical and chemical treatments that were evaluated, the two surface 
preparation sequences that produced the most uniform coatings and best corrosion 
performance consisted of: 1) surface grinding followed by immersion in 0.5 wt.% HBF4 
and then in 5 wt.% NaOH solutions, and 2) surface grinding followed by immersion in 1 
wt.% HNO3 and then in 5 wt.% Na2SiO3∙5H2O solutions. Detailed investigations of the 
structural properties demonstrated that acid treatments produced an oxide/hydroxide layer 
characterized by an Al-rich composition with respect to the base alloy. Oxides were the 
predominant compound with ~85 at.% as measured by XPS. The aluminum enrichment 
on the surface of the Mg alloys is believed to enhance the corrosion resistance since Al 
rich oxides and hydroxides tend to be more stable over a wider range of environments 
(e.g., pH variations, reactive species, etc.). Similar studies on acid then alkaline treated 
samples showed selective Al dissolution from the surface resulting in a rougher surface 
that was rich in OH species. The higher surface area of hydroxide species present on the 
surface are proposed to play an important role for promoting better adhesion and 
enhancing spontaneous deposition of cerium species. 
 The corrosion properties of cerium-based conversion coatings deposited at 
various immersion times and bath temperatures were investigated by electrochemical 
techniques and salt spray testing, and then correlated with morphological and structural 
features. Thinner coatings (~ 100 nm) related with shorter immersion times (~5 s) 
showed higher corrosion resistance (>2X) than other conditions. Moreover, these 
coatings had a dense, less cracked, and smaller nodule size than other immersion times. It 
was also found that the total thickness, defined as interfacial layer plus CeCC coating, 
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increased from ~250 to 750 nm with increasing the immersion time from 5 to 180 s. The 
thickness of the CeCC layer only increased from ~100 to 400 nm for 5 to 120 s 
immersion times, but the CeCC thickness decreased to ~250 nm after 180 s immersion 
time. The interfacial layer of the 180 s immersion samples doubled in thickness, 
suggesting competing reactions between the coating deposition and reaction with the Mg 
substrates.  
Kinetic aspects of the coating deposition and the bath stability were controlled 
predominately by the deposition temperature. In general, the electrochemical results of 
coatings deposited at temperatures between 10 °C and 50 °C showed higher corrosion 
resistances than bare samples. The best corrosion performance was found for the CeCC 
deposited at the lowest temperature (10 °C). The 10 °C sample was found to have smaller 
nodule sizes and fewer cracks than other deposition temperatures. When the bath 
temperature was increased above 50 °C non-protective coatings were obtained. In 
addition, excessive foaming of baths at temperatures >50 °C decreased the bath stability 
and the protection properties of the CeCCs. Twice as many panels could be deposited 
before the solution was unusable with the 10 °C bath than the 25 °C bath. Similar to the 
results at different immersion times, the best coatings had more compact structures, less 
cracks, and smaller nodule sizes than the other deposition temperatures. It was 
determined that immersion time and solution temperature directly affected CeCC 
corrosion performance.  
Visual inspection of the cerium coated and uncoated Mg alloy substrates after 
ASTM B117 salt spray testing correlated well with the electrochemical measurements. 
Deep pits were found after 24 hours of testing for as-received AZ31B and after 3 days for 
152 
 
AZ91D Mg alloys. In general, CeCCs on AZ31B and AZ91D Mg alloys showed an 
enhancement in the corrosion protection with respect to bare alloys. Less pits and tails 
were observed on the surface of samples deposited at immersion times <60 s and bath 
temperatures <25 °C compared to other conditions. Large pits and tails were rapidly 
observed for coatings obtained with immersion times >120 s and deposition temperatures 
>50 °C. The CeCCs deposited for 5 s and < 25 °C showed only superficial corrosion tails 
after 5 days of ASTM B117 exposure for AZ31B and after 7 days for AZ91D.    
Additional investigations of as-deposited and post-treated CeCCs exposed to 
NaCl environments and ambient conditions were carried out. Evaluation of the 
electrochemical properties of as-deposited CeCCs on AZ31 showed a decrease in the 
impedance after 2 hours of immersion in 0.05 M NaCl. Similar studies in post-treated 
CeCCs on AZ31 showed an increase in impedance after 48 hours of immersion in the 
NaCl testing solution. Comparable results were obtained in CeCCs on AZ91 exposed to 
NaCl environments in ASTM B117 salt spray testing. Electrochemical results after 
different testing times showed an increase in impedance up to about one week. After 9 
days in salt spray testing the impedance decreased, which correlated to observation of pits 
during visual inspection of tested panels.  
Microstructural investigations of postreated CeCCs on AZ91 before and after 5 
days of salt spray testing showed that the electrochemically active corrosion protection of 
the CeCCs was associated with an overall increase in coating thickness from 400 to 800 
nm. Detailed analysis showed that the post-treated CeCCs consisted of ~3 nm nodular 
nanocrystals of CeO2/CePO4•H2O embedded in an amorphous Ce(III)-rich matrix. 
Evaluation of a similar sample after salt spray exposure showed that the microstructure 
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had ~50 nm CePO4•H2O crystals, and no amorphous phases were evident in the coating. 
The relationship between the electrochemical and microstructural analyses indicates that 
the mechanism of protection of CeCCs on AZ31 and AZ91 changes over time.  
Exposure of CeCCs to sunlight in humid environments promoted the reduction of 
Ce(IV) into Ce(III) species compared to unexposed coatings. A reduction in the number 
of cracks in the coating and a visible change in color from pale yellow to an almost 
transparent coating also occurred with sunlight exposure. Optical bandgaps of ~2.5 eV 
allowing the absorption of wavelengths of <490 nm and the calculated conduction band  
(-0.95 vs. NHE) from Mott Schottky plots suggested that the appropriate conditions for 
photocatalytic water splitting was possible. A model to explain the reduction of Ce(IV) 
into Ce(III) using electrons trapped at the oxygen vacancies while holes are used to 
oxidize water was proposed. Microstructural analysis showed that as-deposited 
nanocrystals with ~3nm of crystal size were increased to ~6nm after 24 hours of photo-
assisted reduction. 
The systematic study presented in this research demonstrated that CeCCs 
increased the corrosion resistance of AZ31 and AZ91 Mg alloys by various mechanisms. 
The nanostructured cerium-based coatings acted as barriers to corrosion species but also 
responded dynamically to the exposure in corrosive and ambient environments. The 
improvement of the barrier corrosion resistance requires the deposition of uniform 
coatings with minimum surface defects which can be obtained by controlling the 
immersion time and the bath deposition temperature in the CeCC process. The dynamic 
response of the coatings was considered electrochemically active protection since the 
nanocrystalline structure composed of a mixture of Ce(III) and Ce(IV) nanocrystals 
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connected by amorphous regions evolved mostly into a crystalline CePO4 structure. The 
importance of this mechanism of protection is that even if defects are present, the 
coatings would react with the corrosion species, evolving into a compact and thicker 
barrier allowing the protection of uncoated areas. These results and the established 
relationships between electrochemical behavior, microstructure, chemical composition, 
electronic structure, morphology, and the processing parameters of the CeCCs on AZ31 
and AZ91 provided new insights into the mechanisms of corrosion of CeCCs and the 
















4. SUGGESTIONS FOR FUTURE WORK 
Optimization of the deposition parameters of CeCCs on Mg alloys may be 
performed through statistical design of experiments. In particular, investigations of the 
parameters that affect the rate of coating growth and promote smaller nodule sizes such 
as pH, hydrogen peroxide concentration, Ce concentration, temperature, and post-
treatment may lead to highly resistive coatings. A more detailed analysis of the evolution 
of microstructures at different stages of protection for CeCCs will give information about 
the kinetics of the electrochemically active corrosion protection. This information can be 
used to develop models for predicting the corrosion behavior of the CeCCs in different 
environments. The strong relationship between the corrosion properties and the 
microstructure of cerium-based protective coatings has shown a new way to better 
understand the mechanisms of protection. Nonprotective CeCCs have been correlated 
with large morphological defects. However, the microstructures of the coatings that do 
and do not present electrochemically active corrosion protection have not been compared. 
The result of this work will generate a better understanding of the mechanisms that 
govern the corrosion protection.  
Whereas previous research has identified photocatalytic reduction of Ce(IV) into 
Ce(III) species at room temperature, unanswered questions remain about the role of 
water, postreatments, substrate, and the influence of microstructure on the redox reaction. 
With respect to efficient solar energy collection, an increase in the surface area of the 
cerium-based oxide materials should be addressed. As an example, the amount of 
exposed surface area to sunlight could be increased if cerium-based oxide shells on Mg 
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ABSTRACT 
The corrosion resistance of coated and uncoated Mg-Al-galvanized steel (tri-
metallic) panels riveted together to simulate body-in-white (BIW) vehicle assemblies was 
evaluated. Existing phosphate conversion coating baths are incompatible with Mg 
automotive components and alternative processes are under investigation. Development 
of cerium-based conversion coatings and polymeric electrocoat (e-coat) processes 
capable of being sequentially deposited on the tri-metallic assemblies was accomplished. 
Characterization of the assemblies was done using electrochemical measurements and 
ASTM B117 neutral salt spray testing. Tri-metallic assemblies with a two layer cerium/e-
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coat build up significantly enhanced the corrosion performance of the Mg, Al, and 
galvanized steel panels compared to uncoated or e-coated only panels. Adhesion of the e-
coat to the cerium coated assemblies was comparable to existing conversion coatings. 
The coating parameters and corrosion performance of tri-metallic assemblies containing 
Mg alloys will be discussed. 
 
INTRODUCTION 
The use of magnesium alloys in the automobile industry has doubled in the last 
decade due to its excellent properties such as low density, high strength-to-weight ratio, 
good casting properties and good mechanical damping [1-3]. Unfortunately, its use has 
been limited in part due to high reactivity/poor corrosion resistance and galvanic 
corrosion with other structural components [4]. Moreover, the development of a new 
paint-line compatible pretreatment process for magnesium alloys in automobile industry 
is critical to its expanded use. For example, the present phosphate baths are formulated to 
treat mixed-metals, such as aluminum alloys, cold rolled steel, and galvanized steel in 
body-in-white (BIW) assemblies. However, phosphate electrolyte baths are not 
compatible to use with magnesium alloys due to its high solubility [5-6]. 
Currently, chromium-based conversion coatings are applied to most of the 
metallic substrates to prevent corrosion and provide good adhesion strength [7]. 
However, high toxicity and carcinogenic nature of chromates restricts the use of 
chromate baths and therefore an extensive effort is being done to find an alternative 
replacement [8-16]. Among the alternatives, cerium-based conversion coatings (CeCCs) 
are promising as they offer significant corrosion protection and are environmentally 
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benign [13-16]. Numerous publications have been reported the deposition mechanism 
and corrosion protection of cerium-based conversion coatings on magnesium alloys [11-
13], aluminum alloys [14-16], and galvanized steel [17-19] substrates. In particular, 
Maddela and co-workers have published the corrosion performance and deposition 
mechanism of CeCCs on bimetallic (Mg-Al, Al-EGS, and Mg-EGS) couples [20]. They 
showed that the galvanic current between bimetallic couples significantly influences the 
cerium deposition mechanism and corrosion performance of bi-metallic couples. 
However, cerium conversion coatings on tri-metallic (body-in-white assemblies) couples 
have not been reported. Therefore, the deposition mechanism and corrosion performance 
of cerium conversion coatings on tri-metallic couple was examined. 
 
EXPERIMENTAL PROCEDURE 
The individual test panels, magnesium (AZ91D), aluminum (6016), and electro-
galvanized steel (EGS) substrates were sectioned into 5 x 10 cm coupons, which were 
then coupled using aluminum rivets for subsequent cerium conversion coatings (CeCCs). 
The tri-metallic couple schematic diagram is show in Figure 1. Similarly, test samples 
were sectioned into 2.5 x 2.5 cm coupons for galvanic current measurements (zero 
resistance ammeter, ZRA) in prohesion solution of composition 0.6 wt.% NaCl and 0.6 
wt.% of (NH4)2SO4. All magnesium alloy panels were first polished using 220, 320, and 
400 SiC grit paper, cleaned with isopropyl alcohol, and then rinsed with de-ionized water 
prior to all experiments. 
Before the CeCCs were deposited, tri-metallic couples were Al riveted together 
and then cleaned with 0.5 wt. % tetrafluoroboric acid (HBF4) for 20 s at room 
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temperature, rinsed with de-ionized water, then cleaned with 5 wt. % sodium hydroxide 
(NaOH) for 30 s at room temperature, and then rinsed again with de-ionized water. The 
cleaned couples were immersed in cerium deposition solution for 2 min at room 
temperature. The composition of the deposition solution was 205 g of stock solution, 25 g 
of DI water, 0.8 g of gelatin organic (RDH, Rousselot) and 15 ml of H2O2 (Fisher 
Chemical, 30 vol.%) [11]. Cerium coated couples were post-treated in a phosphate 
solution for 5 min at 85
o
C [14]. The electrocoat (E-coat) used was ED-7000, a 
commercially available cationic epoxy material. The panels were coated between 30-
35°C and 150-250 V as needed to obtain target film build of 0.7-0.9 mils (18-23 
microns). 
The corrosion performance of tri-metallic couples with and without cerium 
conversion coatings was evaluated by ASTM B117 neutral salt spray test. 
Electrochemical impedance measurements were performed using a frequency response 
analyzer (Solartron 1255B model) in conjunction with an EG&G 273A potentiostat. 
Impedance spectra were recorded at OCP by applying a sinusoidal signal of 10 mV 
amplitude in the frequency range from 100 kHz to 0.01 Hz with five points per decade. 
All electrochemical experiments were performed in triplicate to insure reproducibility of 
the test results. Galvanic current (Igal) between two electrodes fixed to a cell was 
measured by a zero resistance ammeter (ZRA) technique in prohesion solution. The 
potentiostat serves as a zero resistance ammeter and measures the current flowing 
between the anode (Mg alloy) and cathode (Al, EGS). The ZRA technique cell 
configuration and measurement details were described in a previous publication [20]. A 
saturated calomel electrode (SCE) in saturated KCl served as a reference electrode. 
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Measurements were made as a function of time using the galvanic current routine in 
Power-Suite software connected to PARSTAT 2273. 
The cross-sectional structures of the coated panels were prepared by focused ion 
beam (FIB) milling (Helios NanoLab 600, FEI). The FIB used a gallium ion beam to 
selectively mill through coatings and into the substrates to reveal the coating interface at 
selected areas. A platinum layer was deposited on the coating surface to protect the area 
of interest from damage during milling. The scanning electron microscopy (SEM) and 
energy dispersive spectroscopy (EDS) capability of the FIB system were then used to 
image the coating interface and analyze chemical compositions, respectively. All images 
were taken in secondary electron mode using an acceleration voltage of 5 kV and EDS 
measurements (Oxford, X-Max Silicon Drift Detector) were carried out at an acceleration 
voltage of 30 kV. 
 
RESULTS AND DISCUSSION 
The optical images of bare and CeCCs deposited tri-metallic couples before and 
after salt spray tests are shown in Figure 2, while, the E-coat on bare and CeCCs 
deposited tri-metallic couples are shown in Figure 3. It is apparent from the optical 
images that the cerium conversion coatings uniformly deposited on magnesium, 
aluminum, and electro-galvanized steel substrates (Figure 2c). The optical images 
revealed that bare tri-metallic couple corroded within 24 hours of salt spray testing and 
the streaks of corrosion product were bleeding from the galvanic junction (Figure 2b). It 
was clearly evident from the above observations that the tri-metallic couple without 
CeCCs was predominantly corroded by a galvanic corrosion mechanism. However, there 
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was no evidence of severe corrosion in the Mg alloy field compared to electro-galvanized 
steel substrate. This may be due to the galvanic current between dissimilar metals, 
however, the open circuit potential of the electro-galvanized steel is close to the AZ91 
alloy and therefore AZ91 alloy might be acting has a cathode compared to electro-
galvanized steel [21], hence protecting the magnesium alloy. In contrast, CeCCs 
deposited on tri-metallic the couple do not show noticeable corrosion streaks even after 
192 hours of salt spray testing, as depicted in (Figure 2d). Clearly, the use of CeCCs 
significantly improved the corrosion resistance of tri-metallic couples. The influence of 
galvanic current on overall corrosion performance of different couples has been discussed 
in detail elsewhere [20, 22]. In particular, previous work reported that the influence of 
galvanic current on cerium-based conversion coatings on bi-metallic couple (magnesium-
aluminum, aluminum-EGS, and magnesium-EGS) [20]. It was concluded that the 
galvanic current significantly influences the cerium conversion coatings and enhances the 
corrosion resistance of bi-metallic couples. Similar observations were noted for tri-
metallic couples. 
The optical images of E-coat with and without CeCCs on tri-metallic couples 
before and after salt spray testing reveal a significant difference in coating morphology 
and corrosion performance (Figure 3). A uniform coating without any blisters or pinholes 
was observed for an E-coat layer on cerium coated tri-metallic couples, but blisters and 
pinholes have been observed on couples without CeCCs (Figure 3). It is also observed 
that the E-coat on cerium conversion coatings significantly enhances the corrosion 
resistance of tri-metallic couples after 500 hours of corrosion testing (Figure 3). 
Moreover, E-coat on an uncoated couple had galvanic corrosion at the galvanic junction 
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and blisters in the field after 500 hours of salt spray testing. The results demonstrated that 
the cerium conversion coatings significantly improve the electro-coat morphology and 
corrosion resistance of tri-metallic couples. 
Electrochemical impedance measurements were conducted on individual 
substrates of E-coat on CeCCs deposited tri-metallic couples in prohesion solution. The 
bode-magnitude and bode-phase angle spectra of E-coat on CeCCs deposited couples 
before and after salt spray tests are shown in Figure 4. The electrochemical impedance 
data was fitted with a simple Randal’s equivalent circuit model and then compared to 
other physical and chemical characteristics of the coatings. The overall impedance results 
derived from an equivalent circuit model are tabulated in Table 1. The impedance spectra 
indicated that a substrate with an E-coat over the cerium conversion layer had a similar 
impedance range (≈ 1 x 1010 Ω.cm2). The impedance of EGS and magnesium substrates 
decreased one and two orders of magnitude after 500 hours of salt spray testing, 
respectively. The decrease in impedance can be associated with the corrosion of the 
substrates during salt spray testing. However, the overall impedance even after salt spray 
testing is still greater than 10
8
 Ω.cm2, even above the typical impedance values [23]. This 
is consistent with optical images of E-coat salt spray tests of the individual substrates 
after 500 hours that do not show any corrosion in the field (Figure 3). 
Cross-sections of CeCCs and substrate interfaces were prepared by FIB milling 
on individual substrates of tri-metallic couple as shown in Figure 5, while the cerium 
conversion coating thickness on various substrates with and without couple are shown in 
Figure 6. The FIB cross-sections of CeCCs deposited magnesium alloy, aluminum alloy, 
and electro-galvanized steel panels reveal the interface between the substrate and cerium 
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coating layer. The cerium conversion coating layer on AZ91, 6016, and EGS substrate 
was approximately 795, 620, and 425 nm thick, respectively. The EDS analysis detected 
a cerium signal within a few hundred nanometers of the interface. The FIB analysis 
indicated that the cerium conversion coating layer thickness increased for galvanically 
coupled compared to individually coated couples {500 nm (AZ91),  130 nm (6016), and  
95 nm (EGS)}. The increase in coating thickness may associate with the galvanic current 
between different couples. This has been confirmed from the FIB cross-sectional 
analysis. Previous researchers have reported that micro-galvanic (multiphase alloy) and 
galvanic current (bi-metallic couples) significantly influence the cerium conversion 
coating mechanism and corrosion performance of the substrates [5, 14-15]. In particular, 
the influence of galvanic current interactions between anode and cathode on spontaneous 
deposition of cerium conversion coatings and corrosion performance of bi-metallic 
couples has been discussed [20]. Similarly, it has been reported that there is an influence 
of micro-galvanic current for multiphase alloys [15]. It was concluded that the galvanic 
current and micro-galvanic current assist the spontaneous deposition of cerium 
conversion coatings on bi-metallic couple and multiphase alloys, respectively. The 
galvanic current between tri-metallic couples appears to have a similar effect on cerium 
deposition mechanism. It is evident from the above observations that the galvanic/micro-
galvanic current significantly influences the deposition mechanism and/or corrosion 
performance of tri-metallic couples. 
The galvanic current between different couples in prohesion solution was 
measured by ZRA technique; the average galvanic current after stabilization with time 
was derived and presented in Figure 7. The experiments were conducted twice with both 
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anodic and cathodic configurations. Similarly, galvanic current was measured between 
different couples with and without cerium conversion coatings. The bare panels in 
prohesion solution showed higher galvanic current compared to the cerium coated panels. 
Among the three galvanic combinations, the AZ91-6016 couple had the highest galvanic 
current compared to other couples with and without CeCCs. It is observed that the 
galvanic current between 6016-EGS couples is low and showed a corresponding low 
corrosion rate during salt spray testing. The galvanic current between the AZ91-EGS 
couple was moderate and hence showed less galvanic corrosion compared to the AZ91-
6016 couple junction (Figure 2). However, the AZ91-6016 couple had the highest 
galvanic current; therefore, the AZ91-6016 junction showed a higher corrosion rate. As 
mentioned above the galvanic current not only assisted the cerium deposition mechanism, 
it is also contributes to the enhanced corrosion resistance of tri-metallic couples. 
Adhesion strength of E-coat on coupons with and without cerium conversion coatings on 
individual substrates of tri-metallic couples was evaluated by PATTI adhesion testing and 
results are shown in Figure 8. The PATTI adhesion strength of E-coat on CeCCs 
deposited couples was found to be as good, or higher, than the adhesion of E-coat on 
without CeCCs couple. It can be conclude from the above observations that cerium 
conversion coatings enhance the corrosion resistance and adhesion strength. It is also 






Cerium-based conversion coatings and E-coat on bare and CeCCs deposited tri-
metallic couples have been successfully demonstrated. Galvanic current significantly 
influences the cerium conversion coatings and enhances the corrosion resistance of tri-
metallic couples. The cerium conversion coating significantly enhances the corrosion 
resistance and adhesion strength of E-coat on CeCCs deposited on tri-metallic couples. 
FIB analysis revealed that cerium conversion coating layer thickness increased for 
galvanically coupled compared to individually coated couples. The cerium conversion 
coatings enhance the overall corrosion resistance and adhesion strength of E-coat on tri-
metallic couples, higher the adhesion strength influences the corrosion resistance. 
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Figure 2. Optical images of bare and cerium conversion coated tri-metallic couples before 
and after salt spray tests; bare couple a) 0 hr, b) 24 hrs, and CeCCs deposited couples, c) 







Figure 3. Optical images of E-coat on bare and CeCCs deposited tri-metallic couples 
before and after salt spray tests; bare a) 0 hr, b) 500 hrs, and CeCCs deposited couple, c) 





Figure 4. Electrochemical impedance spectra of E-coat on CeCCs deposited tri-metallic 




















































































































































Figure 5. FIB cross-section of E-coat on CeCCs deposited tri-metallic couple; a) Mg 

































































Figure 7. Galvanic current between different substrates with and without cerium 

































Figure 8. PATTI adhesion strength of E-coat on various substrates (tri-metallic couple) 















APPENDIX B  













B. MICROSTRUCTURAL EVOLUTION OF CeCCs IN NaCl ENVIRONMENTS 
SUMMARY 
In this appendix, the evolution of the microstructures of post-treated CeCCs on 
AZ31 and AZ91 was studied in NaCl corrosive environments. Electrochemical and 
microstructural analysis showed that the enhancement of the corrosion properties of 
CeCCs on Mg alloys occurs in three stages: 1) CeCC behave as physical barrier with high 
impedance at low frequencies blocking the attack of active species, 2) then CeCC reacts 
with the corrosion species that results in a change from ~3 nm CeO2/CePO4•H2O 
nanocrystals embedded in an amorphous matrix to >50 nm CePO4•H2O nanocrystals 
structure without an amorphous matrix, and 3) the evolved microstructure shows a 
homogeneous >800 nm thick CePO4•H2O coating that acts as physical barriers with 
higher impedance values compared to the as-deposited ~400 nm thick CeO2/CePO4•H2O 
coating.  
In addition, exposure of CeCCs to sunlight in humid environments promoted 
optical and microstructural changes related with the reduction of Ce(IV) into Ce(III) 
species. This reduction process was related with photocatalytic water oxidation reaction. 
 
IMMERSION IN 0.05 M NaCl ENVIRONMENTS 
As-deposited and post-treated CeCCs on AZ31 Mg alloys were investigated by 
electrochemical impedance spectroscopy (EIS) in 0.05 M NaCl aqueous electrolyte (pH 
6). The coatings were deposited using the parameters of Paper VI. The impedance 
spectroscopy results of both as-deposited and post-treated samples for different lengths of 
time are shown in Figure B1. In general, the impedance results of CeCCs were higher 
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than uncoated, ground samples, indicating that as-deposited and post-treated coatings 
increase the anti-corrosion properties of AZ31 Mg alloy. However, the impedance spectra 
showed main differences: 
 1) The mechanism of protection in as-deposited samples showed a capacitive 
loop due to the resistant coating but they also show an inductive loop at low frequencies 
indicating adsorption of species. The spectra of post-treated samples, in addition to a 
capacitive loop, also showed high impedance at low frequencies that is characteristic of 
resistance to corrosive species. 
2)  The studies of impedance spectra at 4 and 12 hours of immersion in the NaCl 
electrolyte showed that as-deposited CeCCs degraded with time. This was attributed to 
dissolution of the coating with over time while the post-treated samples indicated an 
increase in impedance with immersion time. This behavior suggests electrochemically 
active corrosion protection in post-treated CeCCs up to at least 12 hours of immersion.   
 
SALT SPRAY TESTING IN ASTM B117  
Post-treated CeCCs on AZ91D Mg alloys were investigated in ASTM B117 salt 
spray testing and subsequently measured in electrochemical impedance spectroscopy 
using a 0.6 wt.% NaCl + 0.6 wt.% (NH4)2SO2 aqueous electrolyte (pH 5.5). The coatings 
were deposited using the parameters of Paper I. The impedance spectra of post-treated 
CeCCs on AZ91D compared to an uncoated, ground sample are shown in Figure B2. A 
two time constant model (Figure 8 b of Paper II) was used to fit the spectra of measured 
samples. Figure B3 shows the total impedance results fitted for the spectra shown in 
Figure B2. EIS results of the CeCCs on AZ91D after different testing times showed 
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higher impedance values than uncoated, ground sample. In addition, the exposed samples 
showed higher corrosion resistance up 72 hours compared to the unexposed post-treated 
sample. Even after 216 hours in salt spray testing, the electrochemical results still 
suggested similar protection compared to the unexposed sample. 
Figure B4 shows a transmission electron micrograph of the CeCCs on AZ91D 
after 5 days of exposure in salt spray testing. This image showed that the microstructure 
of exposed coatings was affected when compared to unexposed microstructures. The 
overall coating thickness of the coatings increased from ~400 nm to ~800 nm (Figure 3 of 
Paper I). The nodular morphology observed in post-treated samples of ~3 nm 
CeO2/CePO4•H2O nanocrystals embedded in an amorphous matrix evolved into >50 nm 
CePO4•H2O nanocrystals. 
 
MECHANISM OF PROTECTION  
Based on previous results, the mechanism of protection of postreated CeCCs on 
AZ Mg alloys in NaCl environments is suggested to have three different stages. Initially, 
post-treated CeCCs act as physical barriers for the corrosion species in the NaCl 
environment. These barriers have more corrosion resistance than the uncoated Mg alloys 
samples as measured by impedance spectroscopy. However, the coating defects such as 
cracks make the surface susceptible to corrosion species; when species try to penetrate 
the defects, corrosion protection occurs at the post-treated coatings that is associated with 
a change in the nodular morphology of CeO2/CePO4•H2O nanocrystals embedded in a 
matrix to a polycrystalline CePO4•H2O structure. At this stage, an overall coating 
thickness increase from ~ 400 nm to >800 nm was observed. The reaction is believed to 
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involve Ce(IV) species and the Ce(III) hydroxide species to be converted into Ce(III) 
phosphates. Once the coating stop reacting with corrosion species, the protection at the 
final stage is characterized by a thicker CePO4•H2O coating with higher impedance with 
respect to the unexposed post-treated coating. Because this coating is thicker, the 
mechanism of barrier protection is expected. 
 
AMBIENT EXPOSURE  
Optical, electrochemical and microstructural characterization of CeCCs on AZ31 
Mg alloy substrates was performed before and after 18 hours of sunlight exposure in 
humid environments. The coatings were deposited using the same processing parameters 
of Paper V. Figure B5 shows the representative optical and electron microscopy images 
of CeCCs on AZ31 before and after exposure. The color changes from pale yellow to an 
almost translucent coating were explained by the reduction of Ce(IV) in Ce(III) species in 
Paper V. Figure B6 a) presents the Mott-Schottky plots for as-deposited CeCCs on AZ31 
Mg alloy samples. The positive slope observed for the inverse square of capacitance 
(1/Csc
2
) as a function of applied voltage indicates that CeCCs are n-type semiconductors. 
Additionally, when 1/Csc
2
 ~ 0 the applied potential is approximately the energy of the 
conduction band. From Figure B6 a) this intercept was calculated as 1.6 eV respect to the 
saturated calomel electrode (SCE) which is about 0.95 eV respect to normal hydrogen 
electrode (NHE). Using this information and the calculated bandgap from Figure 2 in 
Paper V, the band structure of the CeCCs is presented in Figure B6 b). This figure also 
shows the energy needs for water splitting. Although only 1.23 eV are needed to split 
water, the semiconductors should have the conduction and the valence band potentials 
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above and below of the hydrogen and oxygen evolution reactions. This figure shows that 
CeCCs have the band structure required for water splitting. Based on these results a 
mechanism explaining the reduction of Ce(IV) into Ce(III) species is proposed: 
1. Light with λ < 490 nm is absorbed by coating: 
o Coating + hν → e-CB +h
+
VB (electron-hole pair) 
o If nothing else the pair recombines. 
• e-CB +h
+
VB → recombination →  heat 
2. e-CB +h
+
VB  might get trapped for surface defects: 
o e-CB → e
-
tr  
o h+VB → h
+
tr  
3.  Ce4+ species scavenge away e-tr forming Ce
3+
 
o e-tr + Ce
4+ → Ce3+ 
o Simultaneously, the h+tr oxidize adsorbed water molecules. 
o 4 h+tr +2H2O → 4 H
+
aq + O2(gas) 
This model indicates that the reduction of Ce(IV) into Ce(III) can be due to 
electrons that are created by light excitation and then trapped at the oxygen vacancies. 
Meanwhile the holes created from light absorption are used to oxidize water. 
High resolution TEM images of CeCCs on AZ31 Mg alloy substrates after 18 
hours of sunlight exposure in humid environments are shown in Figure B7. Comparing 
these images with the unexposed samples (Figures 6 b) and d) of Paper VI), the initially 
deposited mixture of ~3nm CeO2 and CePO4  increased to ~6nm CeO2 and CePO4 
nanocrystals after 18 hours of photo-assisted reduction and less amorphous phase was 




Figure B1. Impedance spectra of as-deposited and post-treated CeCCs on AZ31B alloy at 









Figure B2. Impedance spectra of cerium conversion coatings on AZ91D alloy at different 







Figure B3. Total impedance analysis of cerium conversion coatings on AZ91D alloy at 
different exposure time in ASTM B117 salt spray testing. Two time constant model was 













Figure B4. TEM cross-sectional image of the CeCCs on AZ91D Mg alloy after 5 day in 







Figure B5. Optical and electron microscopy images of CeCCs on AZ31 before and after 









a)       b) 
Figure B6. a) Mott-Schottky plots of CeCCs in 0.1 M Na2SO4 b) band structure of CeCCs 











a)       b) 
Figure B7. High resolution TEM images of the CeCCs on AZ31 after 18 hours of 
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